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1-E. Asbestos Substitutes 


Introduction 


It is true that substitute products, particularly fibres, are often more expensive than asbestos. How-


ever, this additional cost must be considered in the light of the enormous cost of asbestos-related 


diseases to society. The carcinogenicity of certain substitute fibres remains under close surveillance 


and the development of substitute products continues. Doubts remain as regards the health effects of 


certain fibres which up to now have not been fully examined, because seldom used (from ISSA 


technical report). 


Considerable effort has been devoted to finding alternative fibers or minerals to replace asbestos 


fibers in their applications. Such efforts have been motivated by various reasons, typically, availa-


bility and cost, and more recently, health and liability concerns. The substitution of asbestos fibers 


by other types of fibers or minerals must, in principle, comply with three types of criteria: the tech-


nical feasibility of the substitution; the gain in the safety of the asbestos-free product relative to the 


asbestos-containing product; and the availability of the substitute and its comparative cost (from 


USGS Asbestos 2002). 


Safer substitutes for asbestos products of all kinds are increasingly available. These include fi-


ber-cement products using combinations of local vegetable fibers and synthetic fibers, as well as 


other products that serve the same purposes. The WHO is actively involved in evaluating alterna-


tives (from WBG good practice note). 
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The reviewed articles include following contents  


 Types and uses of asbestos substitutes  


 Materials known as asbestos substitutes 


 Classification of fibers  


 Status of technology and development for asbestos substitutes 


 Costs of asbestos substitutes 


 Health hazards of asbestos substitutes 


 Toxicities of asbestos substitutes  


 Comparative hazards of chrysotile asbestos and its substitutes 


 Backgrounds for occupational exposure limits of asbestos substitutes  


 Consideration for safer substitution of asbestos: Characteristics of fibers, etc 


 Health and safety in using asbestos substitutes: ILO code of practice, etc. 


 Direction of asbestos substitution research: NIOSH roadmap, etc.  
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1. Leprince A. et al (National Research and Safety Institute, Responsible for International Coopera-


tion, France). Asbestos: Protecting the future and coping with the past. International Social Security 


Association (ISSA); 2007. Technical Report No.: 08.  


 


Background: All types of asbestos cause cancer in humans. It is thus estimated that hundreds of 


thousands of people around the world fall ill each year as a result of asbestos exposure in the work-


place. This article laid emphasis on a ban of asbestos and following measures such as asbestos re-


moval and substitution. 


 


Objective: A ban of asbestos is inevitable. Additional cost for asbestos substitution must be consid-


ered in the light of the enormous cost of asbestos-related diseases to society. The authors looked 


into the practical implication of the different stages that will follow an asbestos ban, namely a) the 


removal of asbestos-containing material and b) the availability of alternative, substitute products. 


 


Asian Context: The report provides information about asbestos substitutes and encourages Asian 


countries to take into account a ban of asbestos.  


   


Critical Appraisal: The main alternatives to the traditional uses of asbestos are summarized in the 


report. Especially the report includes information about substitute methods and materials by asbes-


tos category and types of use.  


 


Available from: 


http://www.issa.int/Resources/Technical-Reports/Asbestos 
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2. Virta RL. US Geological Survey: Asbestos (Geology, Mineralogy, Mining, and Uses). US De-


partment of the Interior: Open-File 02-149; 2002. p. 13-23.   


 


Background: This paper is the results of the US. geological survey in 2002 about geology, miner-


alogy, mining, and uses of asbestos. The paper includes some information about alternative indus-


trial fibers and materials, and costs of asbestos substitutes. 


 


Objective: This paper introduced criteria and strategies for asbestos substitution, examples of as-


bestos substitution, and estimated cost range of asbestos fibers and several types of substitution 


materials. 


 


Asian Context: The survey results provide important information for Asian countries preparing a 


ban of asbestos. Especially the survey results include basic principle of substitution and estimated 


cost of substitution materials. 


 


Critical Appraisal: This paper provides some information about basic principle of substitution and 


estimated cost of substitution materials. Asbestos consumption can be expected to decline as sub-


stitutes and alternative products gain favor in the remaining world markets.  


 


Available from: 


http://pubs.usgs.gov/of/2002/of02-149/ 
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3. World Bank Group. Good practice note: Asbestos: Occupational and community health issues. 


Washington, D.C: The Group; 2009 May.     


 


Background: Good practice is to minimize the health risks associated with asbestos-containing 


materials (ACMs) by avoiding their use in new construction and renovation, and, if installed ACMs 


are encountered, by using internationally recognized standards and best practices to mitigate their 


impact. In all cases, the Bank expects borrowers and other clients of World Bank funding to use al-


ternative materials wherever feasible.  


 


Objective: The purpose of this good practice note is to increase the awareness of the health risks 


related to occupational asbestos exposure, provide a list of resources on international good practices 


available to minimize these risks, and present an overview of some of the available product alterna-


tives on the market.  
  


Asian Context: The good practice note presents an overview of some of the available product al-


ternatives on the market. Information about asbestos substitution is very useful to Asian countries 


taking into account a ban of asbestos and substitution of asbestos-containing materials.  


 


Critical Appraisal: The good practice note deals with growing marketplace, substitutes for asbes-


tos products and cost-performance issues. Safer substitutes for asbestos products of all kinds are 


increasingly available. These include fiber-cement products using combinations of local vegetable 


fibers and synthetic fibers, as well as other products that serve the same purposes.  
 


Available from:  


http://siteresources.worldbank.org/EXTPOPS/Resources/AsbestosGuidanceNoteFinal.pdf 
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4. International Life Sciences Institute (ILSI) risk science institute working group. Testing of fibrous 


particles: Short-term assays. Inhal Toxicol. 2005;17: 497-537. 


 


Background: In contrast to asbestos or synthetic vitreous fibers, other types of fibers have not been 


systematically assessed for carcinogenicity using lifetime rodent inhalation assays because these are 


technically demanding, expensive, and require large numbers of animals. ILSI risk science institute 


(RSI) convened an expert working group to review and evaluate the available short-term assay sys-


tems for assessing fiber toxicity and carcinogenic potential.  


 


Objective: The objectives of the working group were 1) to summarize the current state of the sci-


ence on short-term assay systems for assessing potential fiber toxicity and carcinogenicity, 2) to of-


fer insights and perspectives on the strengths and limitations of the various methods and approaches, 


and 3) to consider how the available methods might be combined in a testing strategy to assess the 


likelihood that particular fibers may present a hazard and therefore may be candidates for further 


testing. 


 


Asian Context: This article will help Asian counties to understand and select asbestos substitutes. It 


will be also used as reference to conduct research on health hazard of fibers. 


 


Critical Appraisal: This article includes very useful information, such as classification and 


health effects of asbestos substitutes, as well as review results of short-term assay systems for as-


sessing fiber toxicity and carcinogenic potential. 


 
Available from: 


www.cdc.gov/niosh/nas/RDRP/appendices/chapter3/a3-83.pdf 
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5. National Institute of Advanced Industrial Science and Technology (AIST). The development of 


a substitute for asbestos gasket material. Sealing Technology. 2007; 6:9-10.     


 


Background: In the field of gaskets and packing, asbestos production is scheduled to be banned 


completely in Japan by 2008. The Research Center for Compact Chemical Process of the National 


Institute of Advanced Industrial Science and Technology (AIST) and Japan Matex Co. Ltd. have 


combined a heat-resistant clay membrane and exfoliated graphite, a conventional material, to de-


velop a non-asbestos gasket.  


 


Objective: This article describes the development of a non-asbestos gasket that is easy to handle 


and extensively applicable. It is composed of exfoliated graphite and a clay membrane that make 


it suitable for applications across a wide temperature range in a variety of chemical processing 


and power plants. 


 


Asian Context: In many industrial chemical fields, gaskets are used to prevent liquids and gases 


from leaking from the pipe connections in the production processes at high temperatures. The ar-


ticle introduces a good example of substitute for asbestos-containing gasket. Efforts for develop-


ment of asbestos substitutes will encourage Asian countries to take into account a ban of asbestos. 


 


Critical Appraisal: Performance tests of the gasket were carried out to evaluate ease in handling, 


powder-off properties, and adhesion to flanges. The test proved that this gasket material maintains 


good seal performance even after exposure to temperatures up to 420°C. But a verification test is 


currently being conducted in the high temperature piping division of actual petrochemical plants.  


 
Available from:  


http://www.aist.go.jp/aist_e/latest_research/2007/20070206/20070206.html 
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6-12. United State Patents related to technology and development of asbestos-free materials.  


 


Background: Recently the demand for asbestos free materials has increased. Asbestos-containing 


materials such as gaskets, brake linings, pneumatic tires, conveyor belts, timing belts, power trans-


mission coupling, shock absorbers, sealants, and paints are well known and have achieved signifi-


cant commercial success. However, health hazard problems of asbestos fibers have made related 


industries search for replacement composition. 


 


Objective: The patents describe several asbestos substitutes such as manufacture of asbestos-free 


friction facing material (Patent No. 4631209), method for manufacturing a reinforcing element for 


asbestos free friction material (Patent No. 4924566, Date of Patent: May 15, 1990), fiber blend for 


low cost, asbestos free friction material (Patent No. 5508109), asbestos-free gaskets and the like 


containing blends of organic fibrous and particulate components (Patent No. 5472995), soft as-


bestos-free sealing material (Patent No. 5437920), asbestos-free roof coatings (Patent No. 


5693133) and polymer based backing plates for railway brake shoes and disc pads (Patent No. 


6474452) 


 


Asian Context: The patents provide good examples for asbestos substitutes including technolo-


gies applied and development method. These efforts for development of asbestos substitutes will 


encourage Asian countries to take into account a ban of asbestos. 


 


Critical Appraisal: Development of available asbestos substitutes will facilitate efforts of inter-


national society to eliminate asbestos-related disease.   


 


Available from: 


http://www.google.com/patents 
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13. United Nations (UN). Report of the World Health Organization workshop on mechanisms of 


fibre carcinogenesis and assessment of chrysotile asbestos substitutes (8–12 November 2005, Lyon, 


France). UN UNEP/FAO/RC/COP.4/INF/16; 2008 Oct 9.      


 
Background: The WHO workshop on mechanisms of fibre carcinogenesis and assessment of 


chrysotile asbestos substitutes was convened at IARC in Lyon, in response to a request from the 


Intergovernmental Negotiating Committee (INC) for the Rotterdam Convention on the prior in-


formed consent procedure for certain hazardous  chemicals and pesticides in international trade.  


 
Objective: The workshop established a framework for hazard assessment based on: epidemiolog-


ic data (whether data are sufficient to determine carcinogenicity); in vivo animal data (whether 


there is a indication of carcinogenicity or lung fibrosis); mechanistic information (whether critical 


indictors of carcinogenicity exist, e.g. positive results for genotoxicity in in vitro tests); and phys-


ico-chemical and biopersistence data as determinants of dose at the target site and possible indi-


cators of carcinogenic potential. The workshop conducted the hazard assessment of the 15 chrys-


otile substitutes focusing on lung cancer, mesothelioma and lung fibrosis.  


  


Asian Context: The survey results provide important information for Asian countries preparing a 


ban of asbestos. Especially the results of hazard assessment for the 15 substitutes will provide 


Asian countries with guidance for selecting asbestos substitutes.  


 


Critical Appraisal: The WHO is actively involved in evaluating alternatives. The report is provid-


ing useful information about evaluation principles and examples for asbestos substitutes. The 


workshop developed general principles for the evaluation of chrysotile asbestos substitutes. The 


workshop decided to group substitutes roughly into hazard groupings of high, medium and low. 


However for some substitutes there was insufficient information to draw any conclusion on hazard 


and in this case the workshop categorized the hazard as indeterminate. The hazard groups high, me-


dium and low should be considered in relation to each other, and did not have reference to formal 


criteria or definitions, as such.  


 


Available from: 


http://www.pic.int/home.php?type=b&id=138 
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14. International Agency for Research on Cancer (IARC). IARC Monographs on the evaluation of 


carcinogenic risk to humans: Silica, some silicates, coal dust and para-aramid fibrils. vol. 68. Lyon: 


The Agency; 1997. 


 


15. International Agency for Research on Cancer (IARC). IARC Monographs on the evaluation of 


carcinogenic risk to humans: Man-made vitreous fibres. vol. 81. Lyon: The Agency; 2002. 


 


Background: ln 1969, the International Agency for Research on Cancer (IARC) initiated a pro-


gramme to evaluate the carcinogenic risk of chemicals to humans and to produce monographs on 


individual chemicals. The Monographs programme has since been expanded to include considera-


tion of exposures to complex mixtures of chemicals and of exposures to asbestos substitutes, such 


as some silicates, para-aramid fibrils and man-made vitreous fibres. 


 


Objective: The objective of the programme is to elaborate and publish in the form of monographs 


critical reviews of data on carcinogenicity for agents to which humans are known to be exposed and 


on specific exposure situations; to evaluate these data in terms of human risk with the help of inter-


national working groups of experts in chemical carcinogenesis and related fields; and to indicate 


where additional research efforts are needed. 


Asian Context: The Monographs provide useful information about various types of asbestos sub-


stitutes, such as attapulgite, sepiolite, wollastonite, zeolites, para-Aramid and man-made vitreous 


fibres. The information includes “chemical and physical properties”, “production and use”, “occur-


rence and exposure”, “regulation and guidelines”, “studies of cancer in humans”, “studies of cancer 


in experimental animals”, “other data relevant to an evaluation of carcinogenicity and its mecha-


nisms” with reference information.  


Critical Appraisal: The IARC Monographs will be a basic reference on research or project con-


cerning asbestos substitutes.  


 


Available from: 


http://monographs.iarc.fr/ENG/Monographs/PDFs/index.php 
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16. Paul T.C. Harrison, Leonard S. Levy, Graham Patrick, Geoffrey H. Pigott, and Lewis L. Smith. 


Comparative hazards of chrysotile asbestos and its substitutes: A European perspective. Environ 


Health Perspect 1999;107(8):607-611.    


 


Background: Chrysotile asbestos remains in use in a number of widely used products, notably as-


bestos cement and friction linings in vehicle brakes and clutches. A ban on chrysotile throughout 


the European Union for these remaining applications is currently under consideration, but this re-


quires confidence in the safety of substitute materials.  


Objective: This paper evaluated comparative hazards of chrysotile asbestos and its substitutes. The 


paper specifically addresses p-aramid, polyvinyl alcohol (PVA), and cellulose, which are currently 


being exploited in the United Kingdom as substitutes for remaining uses of chrysotile asbestos. The 


paper does not cover substitute materials already widely used for thermal and sound insulation, such 


as glass and other man-made mineral fibers.  


Asian Context: These efforts for development of asbestos substitutes will encourage Asian coun-


tries to take into account a ban of asbestos. Especially this article explains basic principles to se-


lect asbestos substitutes. Diameter is a key determinant of the intrinsic hazard of a fiber, the pro-


pensity of a material to release fibers into the air is also important.   


Critical Appraisal: The authors conclude that chrysotile asbestos is intrinsically more hazardous 


than p-aramid, PVA, or cellulose fibers and that its continued use in asbestos-cement products and 


friction materials is not justifiable in the face of available technically adequate substitutes. This pa-


per focuses only on health impacts and does not attempt a cost-benefit analysis. 


 


Available from:  


http://ehp03.niehs.nih.gov/article/fetchArticle.action?articleURI=info:doi/10.1289/ehp.99107607 


 


“Diameter is a key determinant of the intrinsic hazard of a fiber, the propensity of a material to release fi-


bers into the air is also important. It is generally accepted that be pathogenic to the lung or pleura, fibers 


must be long, thin, and durable; fiber chemistry may also be significant. These basic principles are used a 


pragmatic way to form a judgment on the relative safety of the substitute materials, taking into account is 


known about their hazardous and also the potential for uncontrolled exposures during a lifetime of use” 
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17. Agency for Toxic Substances and Disease Registry (ATSDR), Report on the Expert Panel on 


Health Effects of Asbestos and Synthetic Vitreous Fibers: The Influence of Fiber Length. Atlanta 


GA: The Agency; 2003 Mar 17. 


 


Background: The Agency for Toxic Substances and Disease Registry (ATSDR) hold a panel dis-


cussion to review and discuss health effects associated with asbestos and synthetic (man-made) vit-


reous fibers (SVFs), especially those of less than 5 microns in length. ATSDR has invited a 


cross-section of scientific experts in the fields of toxicology, epidemiology, pulmonology/pathology, 


and medicine. 


Objective: Significant toxicology and occupational health research has focused on asbestos fibers 


and SVF greater than five microns in length, however, it seems that much less is known about the 


potential health effects of smaller fibers. ATSDR has identified a need to understand the potential 


for fibers less than 5 microns in length to contribute to adverse health effects.  


Asian Context: Smaller fibers and non-fibrous particles may be generated as fibrous materials such 


as SVFs are processed, disposed of, or damaged. Therefore, this report will provide Asian countries 


with important information for health protection of workers exposed to SVFs. 


Critical Appraisal: The report includes reviews for various articles about physiological deposi-


tion pattern, clearance/biopersistence and health effects of synthetic vitreous fibers (SVFs).   


Available from:  


http://www.atsdr.cdc.gov/HAC/asbestospanel/index.html#full_report 
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18. NIOSH Respiratory Disease Research Program; Evidence Package for the National Acade-


mies' Review 2006-2007: Fiber-induced disease. National Institute for Occupational Safety and 


Health [Internet]. Atlanta: The institute; [cited 2011 Mar 3].  


Background: The Respiratory Diseases Research Program (RDRP) is the broad range of individu-


als and groups supported by NIOSH to do work that is relevant to occupational respiratory disease. 


The National Academies was asked to evaluate what NIOSH research programs are producing and 


to determine the extent to which NIOSH research is responsible for changes in the workplace that 


reduce the risk of occupational injuries, illnesses, and deaths.  


Objective: The evidence package introduces approach, outputs, intermediated outcomes, and pro-


gress towards end outcomes of RDRP about some issues concerning fiber-induced diseases (1. 


occupational hazard associated with asbestiform fibers contaminating vermiculite from a mine in 


Montana, 2. identification and control of a newly recognized occupational lung disease affecting 


flock workers, 3. occupational exposure to refractory ceramic fibers, and 4. determinants of fiber 


toxicity). 


Asian Context: Information about health hazards of flock and refractory ceramic fibers, and deter-


minants of fiber toxicity will be helpful to select asbestos substitutes or conduct related research. 


 
Critical Appraisal: This evidence package includes very useful information. Fiber-induced dis-


eases are presented with detailed cases and many valuable references.   


 


Available from:  


http://www.cdc.gov/niosh/nas/RDRP/ch3.3.htm 
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19. American Conference of Governmental Industrial Hygienists (ACGIH). Documentation of the 


threshold limit values (TLVs) for chemical substances and physical agents and biological expo-


sure indices (BEIs): Synthetic vitreous fibers. 7th ed. Cincinnati: The Conference; 2010.      


 


Background: The documentation of the Threshold Limit Values (TLVs) and Biological Exposure 


Indices (BEIs) presents the basic rationale for the establishment of occupational exposure values for 


cited chemical substances and physical agents and data on BEIs, all of which are summarized in the 


TLV and BEIs Book.  


 


Objective: The documentations for synthetic vitreous fibers provides comprehensive information 


about chemical and physical properties, classification and types, composition, characteristics, nom-


inal diameters, sources of occupational exposure, health effects (animal studies, human studies, cell 


culture studies, and epidemiological studies), and carcinogenicity for each synthetic vitreous fibers, 


as well as TLV recommendations. 


   


Asian Context: This article provides important information for health protection of workers using 


synthetic vitreous fibers. 


 


Critical Appraisal: A hundred of references were reviewed to establish TLVs for synthetic vitreous 


fibers. This is very informative documentation about characteristics and health effects for synthetic 


vitreous fibers with plenty of references. 
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20. Lippmann M. Effects of fiber characteristics on lung deposition, retention, and disease. Environ 


Health Perspect 1990;88: 311-317. 


 


Background: The author’s earlier review demonstrated the critical role of fiber dimensions on the 


pathogenesis of the chronic diseases associated with inhalation exposures to asbestos and other nat-


ural mineral fibers. This paper has examined the underlying roles that the physicochemical proper-


ties of mineral fibers play in modifying the pathogenic responses associated with inhaled fibers. 


Objective: This article reviewed effects of fiber characteristics on lung deposition, retention, dis-


solution, translocation. The reasons for the lesser durability of MMMF were summarized in this 


review, along with the principal factors affecting fiber deposition patterns and efficiencies, i.e., the 


aerodynamic properties of the fibers and the nature of convective flow within lung airways. 


Asian Context: This article will provide information on characteristics of fiber in selecting as-


bestos substitutes. It will be also used as reference to conduct research on health hazard of fibers 


or select asbestos substitutes. 


Critical Appraisal: This article explains effects of fiber characteristics in the aspect of size of fi-


ber, penetration into lung, durability.   


Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1568011/ 


“The critical role of fiber dimensions is confirmed by the evidence that those MMMFs in the right size range 


and having sufficient durability within the body can also cause lung cancer in exposed workers. Fibers, such 


as conventional fibrous glass, with lesser fractions having the critical dimensions for pathogenic response 


and lesser durability within the body, have not been associated with excess cancer in workers. Artificial in 


vivo tests in animals that enhance the yields of fibrosis and mesotheliomas provide further evidence of the 


critical roles of fiber dimensions and durability on fiber toxicity. Virtually all fibrous minerals containing 


long fibers (i.e., > 10 ,um in length) produce lung fibrosis following intratracheal instillation, with the po-


tency ranging from very high for asbestos to very low for conventional fibrous glass. Similar potency rank-


ings apply to mesothelioma yields following intrapleural injections of fiber suspensions or implantations of 


fiber mats. These potency rankings indicate that the elemental compositions of the fibers play little, if any, 


role in fiber toxicity, except insofar as they affect the fiber durability in cells and lung fluids” 
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21. International Labour Office (ILO). Code of practice: Safety in the use of synthetic vitreous fibre 


insulation wools (glass wool, rock wool, slag wool). ISBN 92-2-111629-8. ILO, Geneva, 2001.    


 


Background: The use of synthetic fibre insulation wools in construction has become increasingly 


widespread. This ILO code of practice is intended to be applied worldwide, and particularly in 


countries that do not have, or are in the process of developing, safe work practices in the use of in-


sulation wools. The code takes an integrated approach since insulation wools do not appear in their 


pure forms but rather as products with mixed components. It addresses all the hazards arising from 


the product (insulation fibres, binders and other materials), with regard to real-life situations, and 


contains useful appendices on classification systems, exposure data and risk assessment.  
 


Objective: This code of practice addresses occupational hazards due to insulation wools. Its pur-


pose is to protect workers’ health by ensuring safety in the use of insulation wools. The provisions 


of this code are aimed at: (i) minimizing exposure to fibres and dust from insulation wools at 


work; (ii) preventing the mechanical irritation and discomfort known to be associated with these 


materials, and averting the potential for long-term health effects; and (iii) providing practical con-


trol measures for minimizing occupational exposure to fibres and dust from insulation wools dur-


ing manufacture, transport and storage, use, maintenance, removal, recycling and disposal of in-


sulation wools. 


  


Asian Context: The code of practice includes comprehensive information about health protection 


for workers using insulation wools. 


 
Critical Appraisal: Although the code was written for insulation wools (glass wool, rock wool 


and slag wool), many of its provisions could be applied to other synthetic vitreous fibre materials. 


The code sets out the general duties for manufacturers, suppliers, specifiers, employers, workers 


and competent authorities, all of whom have an important role to play in maintaining the safety of 


the entire process, from production to waste management and disposal.  


Available from:  


http://www.ilo.org/safework/normative/codes/lang--en/docName--WCMS_107790/index.htm 
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22. National Institute for Occupational Safety and Health (NIOSH). NIOSH Mineral Fibers Work 


Group: Asbestos and Other Mineral Fibers: A roadmap for scientific Research. Atlanta: The Insti-


tute; 2007 Feb. 


 


Background: For over a decade, the NIOSH Recommended Exposure Limit (REL) has defined 


airborne asbestos fibers as those particles that, when examined using phase contrast microscopy, 


have: (1) an aspect ratio of 3:1 or greater and a length greater than 5 μm; and (2) the mineralogic 


characteristics of the asbestos minerals or their nonasbestiform analogs. Several issues have been 


raised about the minerals covered by this definition. The first issue is whether other fibrous minerals, 


amphiboles and zeolites, should also be included; the second is whether the inclusion of fiber-like 


cleavage fragments of nonasbestiform amphiboles is appropriate; and the third issue is whether the 


specified dimensional criteria for fibers are appropriate. 


 


Objective: To reduce the uncertainty and controversy concerning exposure assessment and health 


effects of asbestos and other mineral fibers, strategic research endeavors are needed in toxicology, 


epidemiology, exposure assessment, and analytical methods. To bridge the uncertainty gaps, this 


Roadmap proposes to address the following three strategic goals: (1) to develop improved sampling 


and analytical methods for fibers; (2) to develop information on occupational exposures to fibers 


and health outcomes; and (3) to develop a broader understanding of the important determinants of 


toxicity for fibers and fiber-like cleavage fragments. 


   


Asian Context: The roadmap will provide guidance for hazard evaluations of asbestos substitutes.  
 


Critical Appraisal: Despite draft stage, the roadmap includes a comprehensive approach to evalu-


ate asbestos and mineral fibers such as sampling and analytical methods, development on infor-


mation on occupational exposures to fibers, and toxicity for fibers and fiber-like cleavage frag-


ments. 


 


Available from: 


http://www.cdc.gov/niosh/review/public/099/ 
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SummarySummarySummarySummary    
 
All types of asbestos cause cancer in humans. It is thus estimated that hundreds of 


thousands of people around the world fall ill each year as a result of asbestos exposure in 


the workplace. These diseases do not develop immediately following exposure to 


asbestos, but appear only after a number of years. Three decades may pass between 


initial exposure to asbestos and the appearance of related disease symptoms, triggering a 


public health time bomb in all countries where workers are still not protected from 


asbestos. Although a ban on asbestos is necessary, there is also a need to cope with the 


past by eliminating or protecting ourselves from asbestos-containing material which is 


already in place. 


 


Often, the removal of asbestos is perceived as an integral part of the decision to ban 


asbestos. The costs and difficulties related to the removal of asbestos-containing material 


is being used as an argument to impede the decision to ban asbestos. However, the 


removal of existing asbestos-containing material is not the primary concern: the most 


urgent step is to ban asbestos. The session will look into the practical implication of the 


different stages that will follow an asbestos ban, namely a) the removal of asbestos-


containing material and b) the availability of alternative, substitute products.  


 


A ban is inevitable 
 
At the last General Assembly of the International Social Security Association (ISSA) held in 


September 2004 in Beijing, the Special Commission on Prevention adopted a declaration on 


asbestos in which it urged all countries to ban the manufacture, trade and use of all types of 


asbestos and asbestos-containing products as quickly as possible, (Annex 1). This appeal was 


repeated a year later at the XVIIth World Congress on Safety and Health at Work held in 


September 2005 in Orlando, in the United States of America. An information leaflet entitled 


"Asbestos: towards a world-wide ban" was published in 2006 in support of this appeal and in 


order to alert decision-makers and all the social partners to the devastating consequences, 


both human and economic, which policies based on short term interests would have in 


coming decades.1 In fact, although asbestos may still be seen as a "magic mineral" by some, it 


is above all a "time bomb" and its prohibition is inevitable in the long run. 
 
The Special Commission on Prevention is not alone in taking this stand. A number of 


international organizations, particularly the World Health Organization (WHO) and the 


International Labour Office (ILO), non-governmental organizations and other institutions 


have issued similar warnings, called for a rapid end to the use of all forms of asbestos, or even 


urged governments to ban it. 


 
1 International Social Security Association, http://www.issa.int/fren/domact/prev/prev.htm. 
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Whilst a ban on asbestos is needed to preserve the future, we also have to deal with the 


consequences of the past, in other words eliminate the asbestos which is in place or provide 


protection against it. This asbestos removal policy is often seen as an essential part of the 


measures surrounding a ban, although its implementation could be postponed. Emphasizing 


the costs and difficulties connected with asbestos removal may delay a decision to ban it. The 


most urgent priority is to stop introducing more asbestos. The next step is to design and 


implement a plan for the asbestos management, but this can be done later as resources 


become available. Implementation of these different stages can thus be staggered over time. 
 
The international scientific consensus 
 
The international scientific community has reached a clear consensus, based on numerous 


toxicological and epidemiological studies, that all types of asbestos are carcinogenic, even in 


small doses: there is no such thing as "good asbestos". The International Agency for Research 


on Cancer (IARC) classified the amphibole minerals as carcinogenic substances in 1973, 


before including all types of asbestos among the Group 1 carcinogens ("substances which are 


carcinogenic for humans") in 1977. Since this classification, further scientific research has 


confirmed the dangerousness of this substance. WHO confirmed the carcinogenicity of 


asbestos, including chrysotile, in its most recent publication on the subject (Elimination of 


asbestos-related diseases, September 2006).2 There is no evidence of a threshold concerning 


the carcinogenic effect of asbestos and the risk of cancer has been observed among 


populations with very low exposures; as a result, WHO has underlined that "the most effective 


way to eliminate asbestos-related diseases is to stop the use of all types of asbestos". 
 


The need for urgent action 
 
Although once hailed as a miracle product, asbestos has in fact created an international health 


crisis and is directly responsible for thousands of deaths throughout the world. In many 


industrialized countries, asbestos-related mortality is higher than the total number of deaths 


from work accidents. The compensation systems in these countries have found themselves 


facing financial difficulties in recent years purely as a result of this issue. All the countries 


which use asbestos will inevitably have to pay high bills because of its impact on health and 


the economy. Although until now the number of cases of asbestos-related illness has 


remained low in certain countries, this can be explained by two major factors. Firstly, they 


have not yet reached the peak caused by the latency period (15-30 years or more). In addition, 


it is important to remember that the worldwide demographic evolution and longer life 


expectancy are likely to lead to an increase in the frequency of cancers related to asbestos 


exposure in all the countries using it, as indicated in particular by the European experience. 


Secondly, not all cases are notified. Certain countries do not have a surveillance system for 


 
 2  World Health Organisation - Elimination of asbestos-related diseases,  
http://www.who.int/occupational_health/publications/asbestosrelateddisease/en/index.html 
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occupational diseases (or have a system which is not very effective); others do not recognize 


asbestos-related diseases, so the link between diseases and asbestos is not always indicated in 


the diagnosis. The fact that few or no cases of asbestos-related diseases are reported in a 


country, therefore, does not necessarily mean that there is no latent problem. 
 
Sooner or later all countries which have produced and/or used asbestos will find themselves 


facing the same problems that others have been facing for years. At the national level, many 


European countries introduced a ban on asbestos in the 1980s. In July 1999, the European 


Union adopted a directive (1999/77/CE) instructing all its members to ban the trade and use 


of asbestos fibres and products to which they had deliberately been added, before 1 January 


2005.3 Up to now, approximately 40 countries throughout the world have banned all forms of 


asbestos (Annex 2). 
 
It should be emphasized that exposure to asbestos is not restricted to the working 


environment; it affects the whole of society. Products containing asbestos can be found in 


many existing buildings (sprayed coatings, insulation, false ceilings, partitions...), particularly 


public and industrial buildings; it is also found in road surfaces, ships, airplanes, cars, lorries 


and in a multitude of professional as well as domestic appliances such as ovens, boilers, irons, 


work surfaces, taps, refrigerators, water heaters, electrical appliances; and these are only a few 


of the many examples. It thus affects the entire population. 
 


The chrysotile issue 
 
In spite of consensus within the international scientific community on the carcinogenicity of 


all types of asbestos, and contrary to the advice and recommendations of the international 


bodies some associations and lobbies, including the governments of certain asbestos-


producing countries, continue to support the use of chrysotile (white asbestos); their 


arguments need to be critically examined. 
 
The main argument is that chrysotile is less carcinogenic and therefore less dangerous than 


the amphiboles, including blue asbestos. The scientific argument is based on studies which 


indicate that the chrysotile is less biopersistant (persistence of the fibres in the lungs after 


their deposit) than other types of asbestos. This ignores the well-proven scientific fact that 


biopersistance is not the only factor affecting carcinogenicity.  
 
Another argument concerns the harmful effects of certain fibres used as a substitute for 


asbestos. This argument is not groundless; the IARC has indeed classified type E and 


 
 3 Commission Directive 1999/77/EC of 26 July 1999 adapting to technical progress (asbestos) of Annex I to Council 


Directive 76/769/EEC on the approximation of the laws regulations and administrative measures of the member States 


relating to restrictions on the trading and utilization of certain dangerous substances and preparations (text of interest to the 


Espace Économique Européen (EEE)). Journal officiel No. L 207 dated 6 August 1999, pp. 0018-0020. http://eur-


lex.europa.eu/JOIndex.do?ihmlang=fr 
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475 refractory cement fibres and glass fibres for special uses in group 2B ("substances which 


may be carcinogenic for humans"). It is worth noting that the use of these particular fibres is 


limited, mainly because of their high cost. Furthermore, it is a criticism which cannot be 


applied to the vast majority of substitute products in widespread use. 
 
Finally, while recognizing that chrysotile can produce lung cancer following high exposure 


over long periods, its defenders invoke the fact that studies on low exposure to pure chrysotile 


have not detected any effects on health and thus recommend its "secure and responsible" 


utilization. This ignores the evidence concerning the failure of this type of controlled use 


policy implemented in the past by many industrialized countries which have since chosen a 


ban on asbestos as the only effective preventive measure. It is also important to bear in mind 


that asbestos is exported on a large scale towards developing countries were prevention is 


often less effective and where economic conditions are difficult; under these conditions an 


approach based on the "safe and responsible" use of chrysotile is even more illusory. It seems 


paradoxical to say the least, that those who recommend its "safe and responsible" use are also 


those who refuse to include chrysotile in the PIC list of dangerous chemical products (Prior 


Informed Consent Procedure) under the Rotterdam Convention, the aim of which is 


transparency and the sharing of information on the potential health and environmental risks 


between exporting and importing countries4. 
 


Substitution 
 
There is no substitute product or fibre which combines all the qualities and technical 


performances of asbestos. Nevertheless, there is always a possible substitute for asbestos. The 


experience of those countries which banned asbestos twenty years ago provides ample proof 


of this. For example asbestos cement, which accounted for over 90 per cent of the asbestos 


market in the 1990s, is replaced nowadays by fibre cements - a mix of cement and fibres 


which may be cellulose, polypropylene, polyvinyl alcohol or aramide fibres. Manufacturing 


companies have adapted themselves. They have transferred to new products, and fears 


concerning possible closures and lay-offs have not been realized. New economic activities 


have been developed: asbestos removal, the manufacture of substitute products and fibres. 


The main alternatives to the traditional uses of asbestos are summarized in Annex 3. 


It is true that substitute products, particularly fibres, are often more expensive than asbestos. 


However, this will not necessarily remain the case for certain substitute products once the so-


called "security" measures recommended by its defenders for the continued use of chrysotile, 


have been implemented. In any case, this additional cost must be considered in the light of 


the enormous cost of asbestos-related diseases to society. 


 


 
 4 Rotterdam Convention: Share responsibility. Prior Informed Consent Procedure, http://www.pic.int/home.php 
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The carcinogenicity of certain substitute fibres remains under close surveillance and the 


development of substitute products continues. Doubts remain as regards the health effects of 


certain fibres which up to now have not been fully examined, because seldom used. 
 


The management of asbestos already in place 
 
The ban and the removal of asbestos are two different stages which can be carried out at 


different times and must be addressed separately. Nevertheless, measures need to be taken as 


regards the asbestos which is already in place. A number of countries banned asbestos as long 


as twenty years ago and they have acquired experience in this area. Nowadays, it is in the 


developing countries that the management of this risk may present difficulties, for reasons 


that are both technical and financial. However, even where the necessary resources are 


lacking, relatively simple solutions can be adopted, at least temporarily, to reduce exposure. 


The examples provided can be extrapolated to other asbestos exposure situations. 
 
In all countries whatever their level of development, the processing industries have sufficient 


technical skills to enable the good practices developed in the period 1980-1990 to be used for 


the removal of existing asbestos (removal of insulation, replacement of joints…). The same is 


true of high-rise buildings, although their decontamination poses the problems of cost and of 


the treatment of the asbestos waste. In such circumstances it may be better to maintain the 


asbestos in place for as long as possible (depending on the state of the spray coating) perhaps 


by sealing it off. If the latter solution is chosen, special preventive measures will have to be 


used to treat these substances at a later date. 
 
It is better to avoid treating false ceilings and flooring whenever possible. In the case of 


damaged materials, wet removal is preferable and the asbestos must be permanently removed 


from circulation. The use of the term "removal" rather than "destruction" is underlined, 


because the aim is to maintain the integrity of the substance. However, it is impossible to 


carrying out cabling tasks under acceptable conditions of security in the presence of false 


ceilings containing asbestos. 
 
Asbestos cement pipes for drinking water or sewerage should also be left alone. If action is 


absolutely necessary, only manual or slow rotation tools should be used to cut them. If they 


must be replaced, a material should be used which does not contain asbestos and the asbestos 


pipes should be permanently disposed of in secure landfill sites. 
 
The ideal solution for cladding and roofing materials (corrugated or flat sheeting) is to 


dispose of it permanently after removal. If prevailing practices and economic conditions 


prevent it, then possible re-users should be warned of the risks and provided with 


information on the practices which present the least danger: removal, use of manual or slow 


rotation tools, humification. The need to prohibit the use of all rapid rotation tools must be 


underlined in all cases. 
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Asbestos can also be found in brake linings and clutch assemblies in old cars, particularly 


imported vehicles. The use of blowers must be prohibited in work on this type of equipment, 


the best possible respiratory protection must be worn, and humid decontamination processes 


should be applied. Non-asbestos substances should be used to replace brake couplings and 


drums, and precautions should be taken with certain imitations from countries which use 


asbestos. 
 
The situations listed are not exhaustive, but these recommendations can be used as a basis for 


dealing with other articles containing asbestos. They can help to reduce the risk of exposure 


to asbestos when resources are limited. These recommendations are not entirely satisfactory 


and cannot equal the good practices described elsewhere. They can only provide temporary 


solutions. 
 
Generally speaking, care should be taken in all sectors of activity (industry, structural and 


finishing works, transport, outfitting …) to ensure that the products used no longer contain 


asbestos; in case of doubt, the supplier should be asked to certify its absence.  
 
Secure landfill sites for the permanent disposal of asbestos are essential if asbestos removal 


measures are to be effective, whatever the asbestos-containing substance. The creation of 


these landfill sites must be among the first steps taken when implementing a policy for the 


management of asbestos in place in the environment. 
 


Conclusion 
 
Both the health and economic effects of asbestos use, plead in favour of its prohibition. A ban 


is inevitable in the long run and this decision should be taken as soon as possible in order to 


preserve the future. Experience shows that there is always a possible alternative. The 


management of asbestos in place is the next step. This management of the past can be 


introduced gradually depending on the technical and financial resources available. In order to 


do so, secure landfills need to be rapidly created for the permanent disposal of asbestos. 
 
Based on the foregoing, the ISSA Special Prevention Commission feels that it must continue 


to issue warnings on the devastating consequences, both now and for the future, of the use of 


all types of asbestos. It will renew its warnings and repeat its call for a ban for as long as is 


necessary. 
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Annex 1 
 


Declaration on Asbestos, Beijing 2004 
 


The Special Commission on Prevention of the International Social Security Association (ISSA), 


assembled in Beijing on 16 September on the occasion of the 28th General Assembly of the 


Association, issues the following appeal to governments in asbestos-producing countries: 


• Asbestos is a natural mineral. Epidemiological findings show that all forms of asbestos 


fibre dust formed during extraction, transformation and utilization of all forms of 


asbestos, including chrysotil, are carcinogenic to humans. According to extrapolations 


of statistics on asbestos-related illnesses (asbestosis, lung and larynx cancer, 


mesothelioma), it is estimated that hundreds of thousands people around the world 


fall ill each year as a result of asbestos exposure in the workplace. To date, thousands 


of people die as a result of these diseases.  


• Throughout the 20th century, asbestos has been used for the manufacturing of the 


most diverse products. Whatever the different transformation this material has gone 


through, its dangerous characteristics still remain latent.  


• Several hundred million US dollars have already been spent for compensation 


payments. A number of companies have filed for bankruptcy after being faced with 


overwhelming compensation claims.  


• Despite the devastating effect it has on the lives and health of people and the looming 


economic threat it poses, approximately 2.5 million tonnes of asbestos are still 


manufactured each year. 


• It took three decades of protracted efforts and the emergence of suitable alternatives 


for a comprehensive ban on the manufacture and use of asbestos and asbestos-


containing products to be adopted in a number of industrialized countries. These 


countries now permit the handling of asbestos only during demolition, renovation 


and maintenance work. 


• Decades may pass between initial exposure to asbestos and the appearance of related 


disease symptoms, triggering a public health time bomb in all countries where 


asbestos has not been banned.  


The ISSA Special Commission on Prevention urges all asbestos-producing countries to ban the 


manufacture, trade and use of all types of asbestos and asbestos-containing products as soon 


as possible.  
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Annex 2 
 


List of countries where asbestos is banned (May 2006) 


 


  


    


 


 


 


 


 


 


 


 


 


 


Argentina Japan  


Australia Kuwait  


Austria Latvia 


Belgium Lithuania  


Chile Luxembourg  


Croatia Malta  


Czech Republic Norway  


Cyprus  Netherlands  


Denmark  Poland  


Estonia Portugal  


Finland Seychelles  


France Slovakia  


Gabon Slovenia  


Germany  South Africa 


Greece  Saudi Arabia 


Honduras  Spain  


Hungary  Sweden  


Iceland Switzerland  


Ireland  United Kingdom  


Italy  Uruguay 
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Annex 3 
 


Main substitutes 
 


Asbestos categoryAsbestos categoryAsbestos categoryAsbestos category    Types of useTypes of useTypes of useTypes of use    SubstiSubstiSubstiSubstitute methods/materialstute methods/materialstute methods/materialstute methods/materials    


I.   Raw asbestos in bulk wadding, sprayed insulation, heat- 
and soundproofing 


• mineral wools (glass, rock, slag) and 
ceramic fibres (never in sprayed 
insulation) 


• coatings, plaster lagging with 
vermiculite, mica, etc. as additive 


• panels, lagging using various silicates 
• cellulose 


II.   Asbestos in powders, 
mineral products (except 
asbestos cement) 


coatings, façade coatings, fire 
resistant plaster coatings, mortars, 
adhesives, fire resistant mortars, 
refractory mortars, grinding 
powders 


• various non-fibrous mineral products: 
• carbonates, silicates, perlite, 


vermiculite, mica, etc. 


III.  Asbestos in liquids or 
 pastes 


adhesives, coatings, putties, foams, 
sealant pastes, paints 


• limestone or clay additives 
• cellulose 
• mica 


IV.  Asbestos sheet or board  • partitions, false ceilings, sheet, 
felts, filters, papers 


• card, lagging, panels, board 


• MMMF (panels, underlays) 
• clay and silicate foams, vermiculite 


aggregates 
• above-mentioned materials plus 


V.  Woven or braided asbestos tape, cushions, rope, blankets, 
mattresses, stuffing boxes, curtains, 
ribbon, textiles, packings, fire-
resistant clothing 


• PE, PP, PA, PTFE plastics (for low         
temperatures) 


• carbon, aramide and steel fibres 
• glass fibres 
• rock fibres 
• RCF 


VI. Asbestos in a resin or plastic 
matrix 


• clutch assemblies, brake linings,             
electrical insulators, gaskets 


• plastics 
• wall coverings, floor coverings as 


tiles or rolls 


• MMMF, aramides, carbon fibres, PTFE, 
steel, copper, non-fibrous materials 


• idem II or III 
• alternative technologies  


VII. Asbestos cement containers, weather-boarding, 
pipes, partitions, roofing and 
sheathing materials, boards, roof 
boards, windowsills, ducts, 
claddings 


• cellulose, PP, polyvinyl alcool fibres 
• aramides 
• glass fibres (rare) 
• sometimes cotton, sisal, jute in some 


countries 


VIII. Asbestos in "black products" 
(asphalt and bitumen) 


 


weatherboarding with a bitumen 
finish, bitumen, bitumen 
adhesives, anti-corrosion coatings, 
sealant coatings, roof sealants, 
putties, road surfacings 


• limestone additives 
• glass and rock fibres and wools except 


in road surfacings 


 
Abbrevations used in the table: 
MMMF: man-made mineral fibres; PE: polyethylene fibres; PP: polypropylene fibres; PA: polyamide fibres; 
PTFE: polytetrafluoroethylene fibres; RCF: refractory ceramic fibres. 
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ABSTRACT 


The term asbestos is a generic designation referring usually to six types of naturally occurring mineral fibers that are or have been 
commercially exploited. These fibers belong to two mineral groups: serpentines and amphiboles. The serpentine group contains a 
single asbestiform variety: chrysotile; five asbestiform varieties of amphiboles are known: anthophyllite asbestos, grunerite asbestos 
(amosite), riebeckite asbestos (crocidolite), tremolite asbestos, and actinolite asbestos. These fibrous minerals share several properties 
which qualify them as asbestiform fibers: they are found in bundles of fibers which can be easily separated from the host matrix or 
cleaved into thinner fibers; the fibers exhibit high tensile strengths, they show high length: diameter (aspect) ratios, from a minimum of 
20 up to greater than 1000; they are sufficiently flexible to be spun; and macroscopically, they resemble organic fibers such as 
cellulose. Since asbestos fibers are all silicates, they exhibit several other common properties, such as incombustibility, thermal 
stability, resistance to biodegradation, chemical inertia toward most chemicals, and low electrical conductivity. 


The term asbestos has traditionally been attributed only to those varieties that are commercially exploited. The industrial 
applications of asbestos fibers have now shifted almost exclusively to chrysotile. Two types of amphiboles, commonly designated as 
amosite and crocidolite are no longer mined. The other three amphibole varieties, anthophyllite asbestos, actinolite asbestos, and 
tremolite asbestos, have no significant industrial applications presently. 


The microscopic and macroscopic properties of asbestos fibers stem from their intrinsic, and sometimes unique, crystalline features. 
As with all silicate minerals, the basic building blocks of asbestos fibers are the silicate tetrahedra which may occur as double chains 
(Si4O11)-6, as in the amphiboles, or in sheets (Si4O10)-4, as in chrysotile. In the case of chrysotile, an octahedral brucite layer having the 
formula (Mg6O4 (OH)8)-4 is intercalated between each silicate tetrahedra sheet. Asbestos fibers used in most industrial applications 
consist of aggregates of smaller units (fibrils). This is most evident with chrysotile that exhibits an inherent, well-defined unit fiber. 


The identification of asbestos fibers can be performed through morphological examination, together with specific analytical 
methods to obtain the mineral composition and/or structure. Morphological characterization in itself usually does not constitute a 
reliable identification criterion. Hence, microscopic examination methods and other analytical approaches are usually combined. 


Most of the asbestos mining operations are of the open pit type, using bench drilling techniques. The fiber extraction (milling) 
process must be chosen so as to optimize recovery of the fibers in the ore, while minimizing reduction of fiber length. Dry milling 
operations are the most widely used. In the production, or industrial applications, of asbestos fibers, several parameters are considered 
critically important. The measurement of fiber length is important since the length determines the product category in which the fibers 
will be used and, to a large extent, their commercial value. The most widely accepted method for chrysotile fiber length 
characterization in the industry is the Quebec Standard test. A second industrially important fiber-length evaluation technique is the 
Bauer-McNett classification. 


Asbestos fibers historically have been used in a broad variety of industrial applications. Because of recent restrictions, many of 
these applications have now been abandoned and others are pursued under strictly regulated conditions. The main characteristic 
properties of asbestos fibers that can be exploited in industrial applications are their thermal, electrical, and sound insulation; 
inflammability; matrix reinforcement (cement, plastic, and resins); adsorption capacity (filtration, liquid sterilization); wear and friction 
properties (friction materials); and chemical inertia (except in acids). These properties led to several main classes of industrial products 
or applications: fire protection and heat or sound insulation, fabrication of papers and felts for flooring and roofing products, pipeline 
wrapping, electrical insulation, thermal and electrical insulation, friction products in brake or clutch pads, asbestos-cement products, 
reinforcement of plastics, fabrication of packings and gaskets, friction materials for brake linings and pads, reinforcing agents, vinyl or 
asphalt tiles, and asphalt road surfacing. Of these, asbestos-cement products, roof coatings, brake pads and shoes, and clutches are the 
major markets for asbestos. 


The relationship between workplace exposure to airborne asbestos fibers and respiratory diseases is one of the most widely studied 
subjects of modern epidemiology. The research efforts resulted in significant consensus in some areas, although strong controversies 
remain in other areas. Typically, it is widely recognized that the inhalation of long (considered usually as less than 5 micrometers 
[:m]), thin, and durable fibers can induce or promote lung cancer. It is also widely accepted that asbestos fibers can be associated with 
three types of diseases: asbestosis, lung cancer, mesothelioma. A further consensus developed within the scientific community 
regarding the relative carcinogenicity of the different types of asbestos fibers. There is strong evidence that the genotoxic and 
carcinogenic potentials of asbestos fibers are not identical; in particular, mesothelial cancer is mostly associated with amphibole fibers. 
The identification of health risks associated with asbestos fibers has prompted strict regulations to limit the maximum exposure of 
airborne fibers in workplace environments. 
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1. INTRODUCTION 


Asbestos is a generic term referring to six types of naturally occurring mineral fibers that are or have been commercially exploited. 
These fibers belong to two mineral groups: serpentines and amphiboles. The serpentine group contains a single asbestiform variety: 
chrysotile. There are five asbestiform varieties of amphiboles: anthophyllite asbestos, grunerite asbestos (amosite), riebeckite asbestos 
(crocidolite), tremolite asbestos, and actinolite asbestos. Usually, the term asbestos is applied only to those varieties that have been 
commercially exploited (1, 2). That does not preclude the occurrence of other asbestos-like minerals, however. Magnesioriebeckite 
with an asbestiform habit was mined in Bolivia and potassian winchite with an asbestiform habit was found in western Texas. 
Additionally, richterite asbestos has been synthesized in the laboratory (3). 


The asbestos varieties share several properties: (1) they occur as bundles of fibers that can be easily separated from the host matrix 
or cleaved into thinner fibers (1, 4); (2) the fibers exhibit high tensile strengths (1); (3) they show high length:diameter (aspect) ratios, 
with a minimum of 20 and up to 1000 (1, 4); (4) they are sufficiently flexible to be spun; and (5) macroscopically, they resemble 
organic fibers such as cellulose (2, 4). Since asbestos fibers are all silicates, they exhibit several other common properties, such as 
incombustibility, thermal stability, resistance to biodegradation, chemical inertia toward most chemicals, and low electrical 
conductivity. The usual definition of asbestos fiber excludes numerous other fibrous minerals that may possess an asbestiform habit 
but do not exhibit all of the properties of asbestos. A few examples of these fibrous minerals are sepiolite, erionite (rod-like and 
fibrous habits), and nemolite. Other minerals also may occasionally crystallize with a fibrous habit (3, 4). 


The mineralogical designations of the various asbestos fibers, their most common alternative designations, and the main sources of 
these fibers are reported in Table 1. The fractional breakdown of the recent world production of the various fiber types shows that the 
industrial applications of asbestos fibers have now shifted almost exclusively to chrysotile. Amosite and crocidolite are no longer 
being mined although some probably is still being sold from stock. Current use of amosite and crocidolite is estimated to be less than a 
few hundred metric tons annually. Actinolite asbestos, anthophyllite asbestos, and tremolite asbestos may be still mined in small 
amounts for local use; production probably is less than 100 metric tons annually. 


2. HISTORY 


Early uses of asbestos exploited the reinforcement and thermal properties of asbestos fibers. The first recorded application can be 
traced to Finland (approximately 2500 B.C.), where anthophyllite from a local deposit was used to reinforce clay utensils and pottery 
(5). Numerous early references also can be found describing the use of asbestos fibers for the fabrication of lamp wicks and crematory 
clothing. Other applications of asbestos fibers in heat- or flame-resistant materials have been sporadically reported. At the end of the 
seventeenth century, Peter the Great of Russia initiated the fabrication of asbestos paper, using chrysotile fibers extracted from deposits 
in the Ural Mountains. The use of asbestos fibers on a true industrial scale began in Italy early in the nineteenth century with the 
development of asbestos textiles (4, 6). By the end of the nineteenth century, significant asbestos deposits had been identified 
throughout the world and their exploitation had begun in Canada (1878), South Africa (1893, 1908-1916), and the USSR (1885) (7). 


From the beginning of the 20th century, the demand for asbestos fibers grew in a spectacular fashion for numerous applications, in 
particular for thermal insulation (8). The development of the Hatschek machine in 1900 for the continuous fabrication of sheets from 
an asbestos-cement composite also opened an important field of industrial application for asbestos fibers as did the development of the 
automobile industry for asbestos brakes, clutches, and gaskets. 


World War II supported the growth of asbestos fiber production for military applications, typically in thermal insulation and fire 
protection. Such applications were later extended into residential or industrial constructions for several decades following the war. 


During the late 1960s and 1970s, the finding of health problems associated with long-term heavy exposure to airborne asbestos 
fibers led to a large reduction in the use of asbestos fibers. In most of the current applications, asbestos fibers are contained within a 
matrix, typically cement or organic resins. 


The world production of asbestos fibers reached a maximum in 1977 of 4.8 x106 tons, decreasing to 1.9 x106 tons in 2000. The 
major producing countries of chrysotile asbestos are Russia (39%), Canada (18%), China (14%), Brazil (9%), Kazakhstan (7%), and 
Zimbabwe (6%). In 2000, active mining operations of asbestos fibers are found in 21 countries (9). 


3. GEOLOGY AND FIBER MORPHOLOGY 


The genesis of asbestos fibers as mineral deposits required certain conditions with regard to chemical composition, nucleation, and 
fiber growth; such conditions must have prevailed over a period sufficiently long and perturbation-free to allow a continuous growth of 
the silicate chains into fibrous structures (10). Some of the important geological or mineralogical features of the industrially significant 
asbestos fibers are summarized in Table 2. More emphasis is given to chrysotile in the following section owing to its total dominance 
in the industry over the years. 


Only three varieties of amphibole fibers will be discussed because: (1) crocidolite and amosite were the only amphiboles with 
significant industrial uses in recent years; (2) tremolite, although having essentially no industrial application, may be found as a 
contaminant in other fibers or in other industrial minerals (e.g., chrysotile and talc). 
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3.1 Chrysotile 


Chrysotile belongs to the serpentine group of minerals, varieties of which are found in ultrabasic rock formations located in many 
places in the world (11). Chrysotile accounts for only a small percentage of the minerals found in these rock types. Chrysotile fibers 
are found as veins in serpentines, in serpentinized ultramafic rocks, and in serpentinized dolomitic marbles. It has been suggested that 
the ultrabasic rocks, containing olivine, Mg-rich pyroxenes, and amphiboles are first altered by hydrothermal processes to form the 
serpentine minerals; in a later metamorphic event, the serpentines are partially redissolved and crystallized as chrysotile fibers. Clearly, 
the genesis of each chrysotile deposit must have involved specific features related to the composition of the precursor minerals, the 
stress and deformations in the host matrix, the water content, the temperature cycles, etc. Nonetheless, it is generally observed that the 
chemical composition of the fibrous phase is closely related to that of the surrounding rock matrix (12). 


Growth of chrysotile fibers at right angles to the walls of cracks (cross-vein) in massive serpentine formations led to the most 
common type of chrysotile deposit. Most of the industrial chrysotile fibers are extracted from deposits where fiber lengths can reach 
several centimeters (cm), but most often do not exceed 1 cm (12). Figure 1 illustrates the typical aspect of cross-vein chrysotile fibers 
(also called cross fiber) separated from the host serpentine rock; a nonfibrous variety of serpentine, antigorite ([12135-86-3]; Chemical 
Abstract Service Registry number in square brackets), having a chemical composition nearly identical to that of chrysotile, is also 
pictured in Figure 1. In some occurrences, the relative motions (slipping) of blocks in the host rock, during or after fiber growth, lead 
to veins in which the fibers are inclined or parallel to the vein axes (slip fibers). In still other local conditions, dispersed aggregates of 
short fibers are found with no preferential orientation; in such cases the fiber content of the rock can be very high, up to 50%. These 
are called mass-fiber deposits. 


Chrysotile is a hydrated magnesium silicate and its stoichiometric chemical composition may be given as Mg3Si2O5(OH)4 [12001-
29-5]. However, the geothermal processes that yield the chrysotile fiber formations usually involve the co-deposition of various other 
minerals. These mineral contaminants comprise: brucite [1317-43-7] Mg(OH)2), magnetite [1309-38-2] (Fe3O4), calcite [13397-26-7] 
(CaCO3), dolomite [16389-88-1] ((Mg,Ca)(CO 3)2), chlorite ((Mg,Al,Fe)12Si8O20(OH)16), and talc [14807-96-6] (Mg6Si8O20(OH)4). 
Other iron-containing minerals may also be found in chrysotile, for example, pyroaurite, brugnatellite, and pyroxenes. In commercial 
fibers, dust particles from the host rock generated during the mining and milling processes are most inevitably present (3). Elemental 
analysis data for several chrysotile and amphibole samples are presented in Table 3. 


Chrysotile fibers can be extremely thin, the unit fiber having an average diameter of approximately 25 nanometers (nm) (0.025 :m). 
Industrial chrysotile fibers are aggregates of these unit fibers that usually exhibit diameters from 0.1 to 100 :m; their lengths range 
from a fraction of a millimeter (mm) to several centimeters (cm), though most of the chrysotile fibers used are shorter than 1 cm. 


3.2 Amphiboles 


The amphibole group of minerals is widely found throughout the earth's crust. Their chemical composition can vary widely. Of the 
amphiboles, only a few varieties have an asbestiform habit and the latter occur in relatively low quantities. The geological origin of 
amphibole asbestos fibers appears to be quite varied (3). In the case of the crocidolite deposit of South Africa (Transvaal), the 
amphibole fibers formed during secondary chemical reactions that took place as the banded ironstone host rock consolidated from a gel 
of iron hydroxide and colloidal silica. Crocidolite fiber veins formed, presumably with magnetite particles acting as nucleating agents. 
The presence of mechanical stress appears to be necessary for the formation of crocidolite. It appears that fibers form in places where 
there is shearing (slip fibers) or rock dialatium (cross fiber). One would not expect fibers to form in rock that is not mechanically 
disturbed. The amosite deposit found in similar rock formations is the result of a high temperature metamorphic process (3). 


The chemical composition of amphiboles readily reflects the complexity of the environment in which they formed. The average 
chemical composition of amphibole minerals may be represented as: 


A0-1, B 2C5T8O22 (OH, O, F, Cl)2 


where 	 A= Na, K 
B= Na, Ca, Mg, Fe+2, Mn, Li 
C= Al, Fe +2, Fe+3, Ti, Mg, Mn, Cr 
T= Si, Al 


A, B, C each represent cationic sites within the crystal structure (2, 4, 10). From this generic representation, the chemical composition 
of the amphibole asbestos can be given as follows: 
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Name Composition Chemical Abstract Service 
Registry Number 


grunerite (amosite) (Fe+2)2(Fe+2,Mg)5Si8O22(OH)2 [12172-73-5] 


riebeckite (crocidolite) Na2(Fe+2,Mg)3Fe+3Si8O22(OH)2 [12001-28-4] 


anthophyllite Mg7Si8O22(OH)2 [17068-78-9] 


tremolite Ca2Mg5Si8O22(OH)2 [14567-73-8] 


actinolite Ca2(Mg,Fe+2)Si8O22(OH)2 [12172-67-7] 


From their respective compositions, the amphibole fibers can be viewed as a series of minerals in which one cation is progressively 
replaced by another at a given site. For example, tremolite and actinolite may be seen related; the magnesium in tremolite is partly 
replaced by divalent iron in the C position to yield actinolite. Similarly, in the cummingtonite-grunerite amphiboles, the substitution 
involves the replacement of magnesium in positions B and C by divalent iron (2, 4). The change of designation from cummingtonite to 
grunerite is, by convention, at a Mg:Fe ratio of 0.5 (10). 


The two most important amphibole asbestos minerals are amosite and crocidolite, and both are hydrated silicates of iron, 
magnesium, and sodium (crocidolite only). The appearance of these fibers and of the corresponding nonfibrous amphiboles is shown 
in Figure 1. Although the macroscopic visual aspect of clusters of various types of asbestos fibers is similar, significant differences 
between chrysotile and amphiboles appear at the microscopic level. Under the electron microscope, chrysotile fibers are seen as 
clusters of fibrils, often entangled, suggesting loosely bonded, flexible fibrils (Fig. 2a). Amphibole fibers, on the other hand, often 
appear as individually, rather than in fiber bundles (Fig. 2b). 


4. CRYSTAL STRUCTURE OF ASBESTOS FIBERS 


The microscopic and macroscopic properties of asbestos fibers stem from their intrinsic, and sometimes unique, crystalline features. 
As with all silicate minerals, the basic building blocks of asbestos fibers are the silicate tetrahedra which may occur as double chains 
(Si4O11)-6, as in the amphiboles, or in sheets (Si4O10)-4, as in chrysotile (4) (Fig. 3). 


4.1 Chrysotile 


In the case of chrysotile, an octahedral brucite layer having the formula (Mg6O4(OH) 8)-4 is intercalated between each silicate 
tetrahedra sheet, as illustrated in Figure 4. The silicate and brucite layers share oxygen atoms which would normally be separated by 
distances of 0.305 nm in the silicate layer and 0.342 nm in the brucite layer (4). This mismatch of O-O distances induces a curvature of 
the sheets, the ideal radius of which has been calculated as 8.8 nm (14). The curvature of the sheets propagates along a preferred axis 
leading to the formation of the tubular structure found in chrysotile. The concentric sheets forming the fibers have a curvature radius 
from 2.5 to 3.0 nm for the internal layers up to approximately 25 nm for the external layers, yielding unit fibers (fibrils) with external 
diameters ranging between 20 and 50 nm (15). Electron microscopy studies (15) have also shown that, in the unit chrysotile fiber 
cross-section, the layers may appear in a concentric or spiral arrangement. 


The stacking of the tetrahedral and octahedral sheets in the chrysotile structure has been shown to yield three types of chrysotile 
fibers (3, 4): 


clino-chrysotile: monoclinic stacking of the layers, x parallel to fiber axis, most abundant form

ortho-chrysotile: orthorhombic stacking of the layers, x parallel to fiber axis

para-chrysotile: two layer structure, 180° rotation of two-layer structures, y parallel to fiber axis



The extent of substitution of magnesium and silicon by other cations in the chrysotile structure is limited by the structural strain that 
would result from replacement with ions having inappropriate radii. In the octahedral layer (brucite), magnesium can be substituted by 
several divalent ions, Fe+2, Mn +2, or Ni+2. In the tetrahedral layer, silicon may be replaced by or Al+3 or rarely Fe+3. Most of the other 
elements that are rarely found in vein fiber samples, or in industrial asbestos fibers, are associated with interstitial mineral phases. 
Typical compositions of bulk chrysotile fibers from different locations are given in Table 3. 


4.2 Amphiboles 


The crystalline structure common to amphibole minerals consists of two ribbons of silicate tetrahedra placed back to back as shown 
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in Figure 5. The plane of anionic valency sites created by this double ribbon arrangement is neutralized by the metal cations. The 
crystal structure has sixteen cationic sites of four different types; these sites can host a large variety of metal cations without substantial 
disruption of the lattice (see section 3.2 and Fig. 5). 


In contrast to chrysotile fibers, the atomic crystal structure of amphiboles does not inherently lead to fiber formation. The formation 
of asbestiform amphiboles must result from multiple nucleation and specific growth conditions. The difference between asbestiform 
and massive amphibole minerals is obvious on the macroscopic scale although, the crystalline structures of the two varieties do not 
exhibit substantial differences. The asbestiform amphiboles tend to have a larger number of crystal defects (Wadsley defects and 
twinning and chain width disorder) than the nonasbestiform varieties. The frequency and width of these defects vary with amphibole 
type (3, 10). Amphibole minerals, in general, are characterized by prismatic cleavage planes parallel to the c axis which intersect at an 
angle of about 56°. Hence, in the crushing of massive, nonfibrous amphiboles, microscopic fragments are found having the appearance 
of asbestos fibers. However, the statistical average of their aspect ratio is considerably lower than that of the asbestiform amphiboles. 


5. PROPERTIES OF ASBESTOS FIBERS 


Asbestos fibers used in most industrial applications consist of aggregates of smaller units (fibrils). This is most evident in 
chrysotile that exhibits an inherent, well-defined unit fiber. Diameters of fiber bundles in bulk industrial samples may be in the 
millimeter range in some cases; fiber bundle lengths may be several millimeters to 10 cm or more. 


The mechanical processes employed to extract the fibers from the host matrix, or to further separate (defiberize, open) the 
aggregates, can impart significant morphological alterations to the resulting fibers. Typically, microscopic observations on 
mechanically opened fibers reveal fiber bends and kinks, partial separation of aggregates, fiber end-splitting, etc. The resulting product 
thus exhibits a wide variety of morphological features, some of which can be seen in Figure 2. 


Morphological variances occur more frequently with chrysotile than amphiboles. The crystal structure of chrysotile, its higher 
flexibility, and interfibril adhesion (3) allow for a variety of intermediate shapes when fiber aggregates are subjected to mechanical 
shear. Amphibole fibers are generally more brittle and accommodate less morphological deformation during mechanical treatment. 


5.1 Fiber Length Distribution 


For industrial applications, the fiber length and length distribution are of primary importance because they are closely related to the 
performance of the fibers in matrix reinforcement. Various fiber classification methods have thus been devised. Representative 
distributions of fiber lengths and diameters can be obtained through measurement and statistical analysis of microphotographs (15); 
fiber length distributions have also been obtained from automated optical analyzers (16). Typical fiber length distributions obtained 
from these approaches are illustrated in Figure 6 for chrysotile fibers. As in the cases shown there, industrial asbestos fiber samples 
usually contain a rather broad distribution of fiber lengths. 


5.2 Physico-Chemical Properties 


The industrial applications of chrysotile fibers take advantage of a combination of properties: fibrous morphology, high tensile 
strength, resistance to heat and corrosion, low electrical conductivity, and high friction coefficient. In many applications, the surface 
properties of the fibers also play an important role; in such cases, a distinction between chrysotile and amphiboles can be observed 
because of differences in their chemical composition and surface microstructure. Technologically relevant physical and chemical 
properties of asbestos fibers are given in Table 4. 


Thermal Behavior 


Asbestos fiber minerals are hydrated silicates so their behavior as a function of temperature is related first to dehydration (or 
dehydroxylation) reactions. In the case of chrysotile, the crystalline structure is stable up to approximately 550° C (depending on the 
heating period (17)), where the dehydroxylation of the brucite layer begins. This process is completed near 750° C and is characterized 
by a total weight loss of 13%. The resulting magnesium silicate recrystallizes to form forsterite and silica in the temperature range 
800-850° C, as an exothermic process. The weight loss as a function of heating temperature (thermogravimetry [TGA]) and the 
reaction heats (differential thermal analysis [DTA]) are illustrated for chrysotile in Figure 7a. The strongly endothermic dehydration 
process enhances the high temperature thermal insulation properties of chrysotile asbestos. 


The behavior of amphibole fibers under continuous heating is similar to that observed with chrysotile, although the temperatures of 
dehydroxylation and recrystallization processes are different. The amphiboles have a lower water (hydroxyl) content and their 
dehydroxylation reaction begins between 400-600° C, depending on the amphibole type; this reaction leads to a weight loss of 
approximately 2%. The latter is illustrated in Figure 7b, together with a DTA recording of the associated thermal events. The products 
resulting from the thermal decomposition of the amphiboles are pyroxenes, magnetite, hematite, and silica. 


In the presence of oxygen, the thermal decomposition of amphiboles is associated with an oxidation of divalent iron to trivalent 
iron, which may lead to an increase in the sample weight. The oxidation process also induces an obvious color alteration: the fibers 
acquire the characteristic ferric oxide color. 
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Asbestos fibers, in particular chrysotile fibers, can undergo substantial thermal degradation during mechanical grinding. In high-
energy attrition equipment, such as ball mills, the high localized impact energies can cause the crystalline structure to become 
amorphous. This is particularly true for dry milling or milling in organic solvents. However, milling in aqueous slurries is less 
detrimental, water offering some protection against high impact degradation (18). 


Tensile Strength 


The inherent tensile strength of a single asbestos fiber, based on the strength of Si-O-Si bonds in the silicate chain, should be near 
10 gigapascals (GPa) (1.45 x 106 pounds per square inch [psi]) (19). However, industrial fibers exhibit substantially lower values, 
because of the presence of various types of structural or chemical defects. 


The measured tensile strength of chrysotile fibers has been reported in the range 1.1-4.4 GPa (160,000-640,000 psi). The accurate 
determination of this parameter is difficult since the measurement performed on a fiber aggregate is influenced by interfibril adhesion, 
discontinuities in some of the unit fibers, mineral inclusions, etc. Consequently, higher tensile strength results are obtained for 
measurements done on short and thin fibers (20, 21). The tensile strengths of amosite and crocidolite are comparable to that of 
chrysotile. With amphiboles, the tensile strength is highly influenced by the iron content since iron-oxygen bonds located in the fiber 
axes, particularly those involving trivalent Fe, are particularly strong. The trend observed of increasing tensile strength of amphiboles 
from tremolite, to amosite, to crocidolite is directly related to the iron content of these fibers (22). 


The variation in tensile strength of asbestos fibers as a function of temperature also sharply distinguishes chrysotile and amphiboles. 
Chrysotile retains (and even slightly increases) its tensile strength up to 500° C, until the dehydroxylation reaction begins; it drops 
sharply at higher temperatures. Amphiboles, on the other hand, exhibit a decreasing tensile strength beginning at approximately 200° C. 
For example, at 350° C, crocidolite has lost 50% of its initial tensile strength (22). 


Asbestos Fibers in Aqueous Media 


Although asbestos fibers cannot be viewed as water-soluble silicates, prolonged exposure of chrysotile or amphiboles to water 
(especially at high temperature) leads to slow progressive leaching of both their metal and silicate components (23). In the case of 
chrysotile fibers (in a given amount of water), the brucite layer will, fairly rapidly, dissolve in part, with concomitant increase in the pH 
of the solution. The equilibrium pH value for an aqueous chrysotile slurry reaches 10.0-10.5. Free brucite, present as contaminant in 
the fibers, also contributes to the pH increase. 


In contact with solutions of mineral acids, organic acids, or magnesium complexing agents, the rate of dissolution of the brucite 
layers is increased. When carried out to the extreme, the leaching of magnesium leads to a weight loss of 58%. The residual silica is 
largely amorphous and, although the fibers retain an apparent fibrous morphology, their mechanical resistance is drastically reduced. 


The dispersion of amphiboles in concentrated HCl solutions also leads to partial leaching, the rate of which depends on the metal 
cations present. With crocidolite, only small amounts of magnesium and sodium are extracted in these conditions, whereas amosite 
liberates substantial quantities of iron and magnesium. Overall, tremolite appears to exhibit the highest resistance to acid leaching (3). 


On the other hand, both chrysotile and the amphiboles exhibit a high degree of chemical inertia towards strong alkalies over 
extended periods. At high temperatures, reactions with alkalies (NaOH, KOH, Ca(OH)2) become significant over relatively short 
periods; for example, crocidolite was reported to be attacked by potassium hydroxide above 100° C (23). 


Other Bulk Physical Properties 


The hardness of asbestos fibers is comparable to that of other crystalline or glassy silicates. Compared to glass fibers, amphiboles 
have similar hardness values, while chrysotile shows lower hardness values (22). 
The friction coefficients of asbestos fibers are also different for chrysotile and amphiboles (when measured against the same material). 
Compared to glass fibers, the friction coefficients decrease in the order: chrysotile, amphiboles, glass fibers. 


The high electrical resistivity of asbestos fibers is well known and has been widely exploited in electrical insulation applications. In 
general, the resistivity of chrysotile is lower than that of the amphiboles, particularly in high humidity environments because of the 
availability of soluble ions. For example, the electrical resistivity of chrysotile decreases from 1 to 2100 megaohms per cm (MS/cm) in 
a dry environment to values of 0.01 to 0.4 MS/cm at 91% relative humidity. Amphiboles, on the other hand, exhibit resistivity between 
8,000 and 900,000 S/cm. 


With respect to magnetic properties, the intrinsic magnetic susceptibility of pure chrysotile is very weak. However, the presence of 
associated minerals such as magnetite, as well as substitution ions (Fe, Mn), increases the magnetic susceptibility to values around 1.9 
to 3.5 x 10-6/gram oersted (g Oe). With amphiboles, the magnetic susceptibility is much higher, mainly because of the high iron 
content; typically, amosite and crocidolite exhibit susceptibility values of 69 to 71 x 10-6/g Oe (24). 
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5.3 Surface Properties 


Surface Area 


The specific surface area of industrial asbestos fibers obviously depends on the extent of their defiberization (opening), and is 
usually between 1 and 30 meters squared per gram (m2/g). As measured by BET (Brunauer, Emmett, and Teller) nitrogen adsorption, 
chrysotile fibers exhibit surface areas between 15 and 30 m2/g. With regard to amphibole fibers, surface areas of 1.8 to 9 m2/g have 
been reported for crocidolite and 1.3 to 5.5 m2/g for amosite (25). Such a difference originates, in part, in the relative sizes of the unit 
fibers of chrysotile and the amphiboles; however, the results also reflect the ability of nitrogen molecules to diffuse between the unit 
fibers of a larger aggregate. In relation to magnesium acid leaching of chrysotile discussed earlier, the surface area of an amorphous 
silica resulting from extensive acid leaching may reach 450 m2/g (26). 


Also, the adsorption of anionic or neutral surfactants on chrysotile fibers in aqueous dispersions enhances fiber separation, with a 
concomitant increase of surface area (27). Such effects have not been reported for amphibole fibers. 


Surface Charge in Aqueous Media 


Because of dissolution-ionization effects, the surface of asbestos fibers in aqueous dispersions adopts an electrostatic charge. In the 
case of chrysotile, partial dissolution of the brucite layer leads to a positive surface charge (or potential), which is strongly influenced 
by the solution pH. The isoelectric point of chrysotile (pH of zero surface charge) has been reported as 11.8. In the case of amphibole 
fibers, the surface charge seems dominated by the silica component, and is generally observed to be negative, increasing towards 0 as 
the pH is decreased. Since the progressive leaching of magnesium from the external brucite layer of chrysotile gradually exposes silica, 
the surface potential rapidly decreases early in the leaching reaction (3). 


Adsorption and Surface Chemical Grafting 


As with silica and many other silicate minerals, the surface of asbestos fibers exhibits a significant chemical reactivity. In 
particular, the highly polar surface of chrysotile fibers promotes adsorption (physi- or chemisorption) of various types of organic or 
inorganic substances (23). Moreover, specific chemical reactions can be performed with the surface functional groups (OH groups 
from brucite or exposed silica). 


The chemical reaction of coupling agents, such as organosilane compounds, on chrysotile yields fibers with a highly hydrophobic 
surface. Through an adequate choice of coupling agents (organosilanes or others), the fiber matrix interactions in composite materials 
can thus be optimized (28). Surface chemical modifications can be carried out in fiber slurries or through gas-solid reactions; for 
example the gas-phase reaction of POCl3 with chrysotile, leads to a surface coverage with insoluble magnesium phosphate (29). The 
surface properties and reactivity of chrysotile fibers can also be modified by cationic substitution, for example, replacing magnesium by 
aluminum (30) or other metal cations (31). 


6. ANALYTICAL METHODS AND IDENTIFICATION OF ASBESTOS FIBERS 


The identification of asbestos fibers can be performed through morphological examination, together with specific analytical 
methods to obtain the mineral composition and structure. Morphological characterization in itself usually does not constitute a reliable 
identification criterion (1). Hence, microscopic examination methods and other analytical approaches are usually combined. 


6.1 Microscopic Methods 


The use of microscopic methods is preferred in cases where limited quantities of sample are available, typically in analyzing fibers 
recovered from sampling of airborne dust. With fibers having lengths in excess of 5 :m, optical microscopy with light polarization 
(polarizing light microscopy) has proven a very powerful technique. The optical properties of the different types of asbestos fibers, 
combined with information on fiber shapes, enable positive identification of all varieties of asbestos fibers. This can be carried out 
even when the fibers are mixed with their nonfibrous analogue or with various other materials (32). Often, refractive index, color, 
pleochroism, birefringence, orientation, etc. cannot be measured accurately, thus other methods of analysis must be employed. 


Asbestos fiber identification also can be achieved through transmission or scanning electron microscopy (TEM, SEM) techniques 
that are especially useful with very short fibers, or with extremely small samples. With appropriate peripheral instrumentation, these 
techniques can yield the elemental composition of the fibers using energy dispersive x-ray fluorescence, and the crystal structure from 
selected area electron diffraction (SAED). Both chemical composition and crystal structures are required for positive identification. 


6.2 Instrumental Methods for Bulk Samples 


With bulk fiber samples, or samples of materials containing significant amounts of asbestos fibers, a number of other instrumental 
analytical methods can be used to help in the identification of asbestos fibers. The elemental characterization of minerals can be 
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accomplished using methods, such as x-ray fluorescence (XRF) and x-ray photo-electron spectroscopy (XPS). The x-ray diffraction 
technique (XRD) enables the analyst to identify the crystal structure of the various types of asbestos fibers, as well as the nature of 
other minerals associated with the fibers (12, 33-34). 


Thermoanalytical methods (DTA, TGA) often aid in the identification of the type of asbestos fibers (Fig. 7). For example, the 
strong exotherm observed with chrysotile at 830° C can be used as a routine indicator for determining the chrysotile content of talc (3, 
8). Thermal methods also are useful for determining certain mineral contaminants of asbestos fibers, for example brucite and calcite in 
chrysotile. 


Infrared spectroscopy also is used to analyze samples containing asbestos fibers. Absorption bands in the infrared spectrum 
associated with asbestos fibers are in the 3600-3700 cm-1 range (specific hydroxyl bands) and the 600-800 and 900-1200 cm-1 ranges 
(specific absorption bands for various silicate minerals) (3). Because other minerals, including nonasbestiform amphiboles, also absorb 
within these wavelength bands, infrared spectroscopy is not always definitive for identifying asbestos. 


Each of these microscopic and bulk methods of analysis provide clues to resolve the identity of the asbestos type. As noted earlier, 
however, both crystallographic and elemental data are required for a positive identification. 


7. PRODUCTION 


A breakout, by major producing countries, of the world asbestos production is shown from 1920 to 2000 in Table 5 and total world 
production from 1920 to 2000 is shown in Figure 8. During the early 1930s, there was a brief period of stagnation in world asbestos 
production, much of which can be attributed to reduced consumption associated with the economic depression in the United States. At 
that time, Canada was the major producing country and was highly dependent on U.S. markets for sales. By 1935, production began to 
increase slowly until the onset of World War II. Canada accounted for the bulk of the increased production tonnage. During World 
War II, production declined in most regions of the world except Canada and southern Africa. U.S. demands absorbed much of the 
increased production from these regions during the war. Following World War II, world production increased again, fueled by 
expanding economies, first in the United States and elsewhere later. However, growing opposition to the use of asbestos, which began 
in earnest in the early 1970s, soon brought this growth to a halt. After 1977, there was a downturn in world production and 
consumption. In the United States, asbestos regulations became increasingly strict with sizable reductions in permissible exposure 
limits being enacted. Liability also became a major issue. Companies that mined asbestos and those that manufactured asbestos 
products faced an increasing number of class-action lawsuits and had difficulties obtaining liability insurance. Compounding the 
problem was the slow shift to asbestos substitutes or alternative products (i.e. ductile iron or polyvinyl chloride (PVC) pipe instead of 
asbestos-cement pipe) in response to public demand. As a result, U.S. consumption peaked in 1973 at about 801,000 tons. World 
production and consumption peaked at about 4.8 x 106 tons in 1975. In 2000, U.S. consumption was 14,600 tons and world production 
was 1.9 x 106 tons. 


Shifts in production by the main producing countries occurred during this time. Canada was the dominant producer during the first 
half of the century. By 1980, the former Soviet Union had become, and still remains, the largest producing region. Brazil, China, 
South Africa, and Zimbabwe also rose from relatively obscurity to become major asbestos producers. Current production has declined 
in all major producing countries except China due to the opposition to the use of asbestos. Brazil, Canada, China, the former Soviet 
Union republics of Russia and Kazakhstan, and Zimbabwe now account for more than 90% of the world production (9). Most of 
China's production, as well as the limited production of many other countries, is used in local industrial applications. Essentially all 
production is now chrysotile. Production of amosite and crocidolite ceased in the mid-1990s. Small amounts of actinolite asbestos, 
anthophyllite asbestos, and tremolite asbestos probably are produced for local use in a few countries such as India, Pakistan, and 
Turkey. 


8. MINING AND MILLING TECHNOLOGIES 


The finding and mapping of chrysotile asbestos ore deposits usually relies on magnetometric surveys largely because magnetite is 
associated with asbestos deposits, except in the case of ore bodies located in sedimentary formations. As in other mining operations, 
core drilling is used for a precise evaluation of the grade and volume of the ore body (35). 


The choice of a particular mining method depends on a number of parameters, typically the physical properties of the host matrix, 
the fiber content of the ore, the amount of sterile materials, the presence of contaminants, and the extent of potential fiber degradation 
during the various mining operations (36). Most of the asbestos mining operations are of the open pit type, using bench drilling 
techniques. 


The fiber extraction (milling) process must be chosen so as to optimize recovery of the fibers in the ore, while minimizing reduction 
of fiber length. Since the asbestos fibers have a chemical composition similar to that of the host rock, the separation processes must 
rely on differences in the physical properties between the fibers and the host rock rather than on differences in their chemical properties 
(36). 


In dry milling operations, which are currently the most widely used, the ore is first crushed to a nominal size and then dried (Fig. 9). 
Fiber extraction then begins through a series of crushing operations, each followed by a vacuum aspiration of the ore running on a 
vibrating screen. On the latter, the fibers released from the ore have a tendency to move to the surface and, because of their 
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aerodynamic properties, they can be readily collected into a vacuum system. The fibers recovered from consecutive vibrating screens 
are brought to cyclone separators, and the air is filtered to remove the finer suspended fibers. 


Generally, the consecutive crushing-aspiration steps liberate fibers that increasingly shorter. Longer fibers in wide veins are easier 
to release and thus are recovered in the early phases of the milling operation. In this way, a primary classification, or grading of the 
fibers can be achieved. Various secondary processing systems may be used to further separate the fiber aggregates and to remove 
nonfibrous mineral dust. All fiber extraction and classification operations are usually carried out under negative pressure to minimize 
airborne dust in the working environment. 


Wet milling operations, where the asbestos is dispersed in water and not dried until after the final separation process is completed, 
offer advantages in dust control and the separation of mineral contaminants from the fiber product. However, wet process technology 
currently is used in only a few small-scale milling operations. With the decline of the asbestos market since the 1970s, the economics 
of constructing new wet processing facilities, or even dry milling facilities, was not favorable. For the most part, any new capacity that 
came on line worldwide, with the possible exception of China, in the past 20 years has involved the reopening or expansion of old 
milling operations. 


9. FIBER CLASSIFICATION AND STANDARD TESTING METHODS 


In the beneficiation of asbestos fibers, several parameters are considered critically important and are used as standard evaluation 
criteria (37): length (or length distribution), degree of opening and surface area, performance in cement reinforcement, and dust and 
granule content. The measurement of fiber length is important since the length determines the product category in which the fibers will 
be used and, to a large extent, their commercial value. 


9.1 Dry Classification Method 


The most widely accepted method for chrysotile fiber length characterization in the industry is the Quebec Standard test (QS). This 
is a dry sieving method (on vibrating screens) which enables the fractionation of an asbestos fiber sample into four fractions of 
decreasing sizes (greater than 2 mesh, less than 2 and greater than or equal to 4 mesh, less than 4 and greater than or equal to 10 mesh, 
and less than 10 mesh, with mesh defined as the number of openings per linear inch). This standard test has been used as a basis for 
developing a grade system comprising nine main fiber grades. The grading system identifies the longest fibers as grade 1 and the 
shortest as grade 9. Grades 1 and 2 designate crude asbestos fibers that are hand picked and essentially contain large clusters or 
aggregates of fibers. Grade 1 fibers are those with lengths greater than or equal to 3/4 in. (1.9 cm). Grade 2 fibers are those with 
lengths less than 3/4 in. and greater than or equal to 3/8 in. (0.95 cm). 


Fiber grades between 3 and 9 (decreasing lengths) are known as milled asbestos fibers and represent most of the production. The 
fiber grades 3 through 7 are determined using the QS test, whereas grades 8 and 9, containing very short fibers, are usually determined 
according to their bulk densities. 


Other fiber classification schemes have been devised for chrysotile fibers, but historically the QS grade system has been used as a 
reference; other classification schemes usually have correspondence scales for conversion to the QS values. Amosite can be classified 
according to the QS grade system, but crocidolite requires a different scheme mainly due to the harshness of these fibers. 


9.2 Wet Classification Method 


A second industrially important fiber length evaluation technique is the Bauer-McNett (BMN) classification. In this method, a fiber 
slurry is circulated through a series of four grids with decreasing opening size (positioned vertically), thus yielding five fractions (+4, 
+14, +35, +200, and -200 mesh). A similar method, using smaller samples and horizontal grids has also been developed and referred to 
as the Turner-Newall classification. 


Currently, the BMN classification and the QS test are the most widely used fiber classification techniques. Whereas there are 
qualitative relationships between QS and BMN, there is no quantitative correspondence. It is readily understood that these standard 
tests do not provide accurate definition of the fiber lengths; the classification also reflects the hydrodynamic behavior (volume) of the 
fibers, which, because of their complex shapes, is not readily predictable. Other classification techniques that provide some insight on 
fiber lengths are the Ro-Tap test, the Suter-Webb Comb, and the Wash test. 


9.3 Other Fiber Evaluation Methods 


The extent of fiber separation (fiber openness) is an important evaluation criterion that is commonly measured by several 
techniques, namely air permeability, adsorbent gas volume, bulk density, and resilience (compression and recovery). The adsorption 
and retention of kerosene is also used as a measure of fiber openness and fiber adsorption capacity (37). 


The filtration behavior of asbestos fibers is evaluated through a drainage test using, generally, a saturated calcium sulfate solution. 
This test is designated as freeness and reflects the water drainage rate related to asbestos-cement fabrication processes (37). 


The reinforcing capacity of asbestos fibers in a cement matrix constitutes another key criterion for the evaluation of asbestos fibers. 
Preparing samples of asbestos-cement composites that, after a standard curing period, are tested for flexural resistance assesses this 
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property. The measured rupture moduli are converted into a parameter referred to as the fiber strength unit (37). 
Finally, other properties of asbestos fibers may be evaluated depending on the potential application. Typically, the grits and spicule 


content, the magnetic susceptibility (magnetic rating), the content in soluble chlorides, and the humidity level may be of particular 
interest in specific applications. 


10. INDUSTRIAL APPLICATIONS 


Asbestos fibers have been used in a broad variety of industrial applications. In the peak period of asbestos consumption in 
industrialized countries, some 3000 applications, or types of products, have been listed. Because of recent restrictions and changes in 
end use-markets, most of these applications have been abandoned and the remainder is pursued under strictly regulated conditions. 


The main properties of asbestos fibers that can be exploited in industrial applications (11) are their thermal, electrical, and sound 
insulation; inflammability; matrix reinforcement (cement, plastic, and resins); adsorption capacity (filtration, liquid sterilization); wear 
and friction properties (friction materials); and chemical inertia (except in acids). These properties have led to several main classes of 
industrial products or applications (8). 


Loose asbestos fibers, or formulations containing asbestos fibers for spray coatings, were widely used in the building industry for 
fire protection and heat or sound insulation during and following World War II. Such applications used mainly chrysotile or amosite, 
although crocidolite was commonly used in Europe, this practice was discontinued in the 1970s because of health concerns. 


Asbestos fibers also have been widely used for the fabrication of papers and felts for flooring and roofing products, pipeline 
wrapping, electrical insulation, etc. Asbestos textiles, comprising yarn, thread, cloth, tape, or rope, also found wide application in 
thermal and electrical insulation and friction products in brake or clutch pads. In recent years, use of asbestos in these applications has 
decreased significantly. Production of asbestos roofing and flooring felts has been discontinued. 


The reinforcing properties of asbestos fibers have been widely exploited in asbestos-cement products mostly by the construction and 
water industries. Asbestos-cement products such as board, pipe, and sheet represent by far the largest worldwide industrial 
consumption of asbestos fibers, an estimated 80% of the market in 1988 (38). With market changes since 1988, asbestos-cement 
products now probably account for more than 98% of fiber sales. 


Asbestos fibers also have been used to reinforce plastic products made from PVC, phenolics, polypropylene, nylon, etc. 
Reinforcement of thermoset and thermoplastic resins by asbestos fibers was used to develop products for the automotive, electronic, 
and printing industries. Except for some specialty products, the use of asbestos in plastics has essentially ceased. 


The combination of asbestos fibers with various types of natural or synthetic resins has led to the development of a variety of 
products and applications. Among those, the incorporation of asbestos fibers (mainly chrysotile) into rubber matrices yields materials 
that were widely used for fabrication of packings and gaskets. Complex formulations, comprising short asbestos fibers (usually 
chrysotile), resins, and other fillers and modifiers, have been developed as friction materials for brake linings and pads. Asbestos fibers 
also have found broad application as reinforcing agents in coatings, sealants, and adhesive formulations. Of these applications, brake 
linings and pads, gaskets, and roof coatings comprise the bulk of the consumption. 


Finally, the combined reinforcing effect and high absorption capacity of asbestos fibers were exploited in a variety of applications to 
increase dimensional stability, typically in vinyl or asphalt tiles and asphalt road surfacing. Asbestos is no longer used in these 
applications. 


Table 6 summarizes the various classes of application for asbestos fibers in combination with other materials. The diagram shows 
that in recent years, most industrial applications involve asbestos fibers bonded within an organic or inorganic matrix. Asbestos-
cement products account for the bulk of the world’s asbestos usage. In the United States, the major use is in roofing compounds 
(62%), followed by gaskets (22%), and friction products (11%). Small amounts of asbestos also are used to manufacture some 
insulation products and woven and plastic products (9). 


Each type or group of products usually requires a selected asbestos fiber grade (or range of grades). Table 7 lists various types of 
chrysotile applications in relation to QS fiber grades. 


11. ALTERNATIVE INDUSTRIAL FIBERS AND MATERIALS 


Considerable effort has been devoted to finding alternative fibers or minerals to replace asbestos fibers in their applications. Such 
efforts have been motivated by various reasons, typically, availability and cost, and more recently, health and liability concerns. 
During World War II, some countries lost access to asbestos fiber supplies and had to develop substitute materials. Also, in the 
production of fiber-reinforced cement products, many developing countries focused on readily available, low-cost cellulose fibers as an 
alternative to asbestos fibers. Since the 1980s, however, systematic research has been pursued in several industrialized countries to 
replace asbestos fibers in many current applications because of perceived health risks. 


The substitution of asbestos fibers by other types of fibers or minerals must, in principle, comply with three types of criteria (40): 
the technical feasibility of the substitution; the gain in the safety of the asbestos-free product relative to the asbestos-containing 
product; and the availability of the substitute and its comparative cost. 


In some applications, particularly those that rely on several characteristic features of asbestos fibers, the substitution has presented a 
significant challenge. For example, in fiber-cement composites, the fibers must exhibit high tensile strength, good dispersion in 
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portland cement pastes, and high resistance to alkaline environments. Likewise, in friction materials, several properties of the asbestos 
fibers are important: high affinity toward resins, good heat resistance, high friction coefficient, and low abrasion of the opposing 
surface. In such applications, the replacement of asbestos fibers has required a combination of several materials. Table 8 lists some of 
the materials and fibers that have been suggested or used in the development of asbestos-free products along with an estimate of the 
cost ranges of asbestos fibers and several types of substitution materials. 


Various asbestos substitution strategies have been followed and a wide range of asbestos-free products have been developed. For 
example, in bulk thermal insulation and sprayed insulation coating applications, synthetic mineral fibers (glass or slag fibers) and 
cellulose fiber products have replaced natural asbestos fibers. Clothing made from aramid fibers or aluminized glass fibers has 
replaced asbestos in most textiles. Asbestos in floor tile has been replaced by a combination of synthetic fibers and nonfibrous fillers. 
Asbestos packings have been replaced by various materials including aramid and glass fiber, graphite mixtures, and cellulose fibers. 


In fiber-cement construction materials, several alternatives are being practiced, either using cellulosic fibrous products or synthetic 
organic fibers such as polypropylene (PP) or polyacrylonitrile or alternative products such as cast iron, PVC, or PP pipe. The use of 
asbestos-cement products still is considerable owing to low cost, availability, low technology requirements, and performance. 


For friction material applications, composite materials comprising glass or metallic fibers with other minerals have been developed. 
In these applications, aramid and graphite fibers are effective, although the cost of these materials restricts their use to heavy duty or 
high technology applications. Substitution has been more successful in disk brake pads as compared with brake shoes (40). 


Efforts to substitute for asbestos have been fairly successful as evidenced by the fact that peak world asbestos production was 4.8 x 
106 tons in 1977, declining to 1.9 x 106 tons in 2000. This represents a decline of about 60% in the use of asbestos despite growth in 
every market in which asbestos was used during the 25-year period. The availability of adequate replacement materials, the cost-to-
performance ratio of such materials, and the uncertainty of long-term health risks of these replacement materials have limited the extent 
of substitution of asbestos fibers by other fibers in some product applications. 


12. HEALTH AND SAFETY 


The relationship between workplace exposure to airborne asbestos fibers and respiratory diseases is one of the most widely studied 
subjects of modern epidemiology (41-43). Asbestos-related health concerns were first raised at the beginning of the century in the 
United Kingdom, which appears to have been the first country to regulate the asbestos-user industry (44). It wasn’t until the early 
1960s, however, that, researchers firmly established a correlation between worker excess exposure to asbestos fibers and respiratory 
cancer diseases (45). This finding triggered a significant research effort to unravel important issues such as the influence of fiber size, 
shape, crystal structure, and chemical composition; the relationship between exposure levels and diseases; the consequence of exposure 
to asbestos fibers in different types of industries, or from different types of products; and the development of technologies to reduce 
worker exposure. 


The research efforts resulted in a consensus in some areas, although controversy still remains in other areas. It is widely recognized 
that the inhalation of long (considered usually as longer than 5 :m), thin, and durable fibers in high concentrations over a long period 
of time can induce or promote lung cancer. It is also widely accepted that asbestos fibers can be associated with three types of diseases 
(46): asbestosis: a lung fibrosis resulting from long-term, high level exposures to airborne fibers; lung cancer: usually resulting from 
long-term high level exposures and often correlated with asbestosis; mesothelioma: a rare form of cancer of the lining (mesothelium) 
of the thoracic and abdominal cavities. 


A further consensus developed within the scientific community regarding the relative carcinogenicity of the different types of 
asbestos fibers. There is strong evidence that the genotoxic and carcinogenic potentials of asbestos fibers are not identical; in particular 
mesothelial cancer is most strongly associated with amphibole fibers (47-51). 


The replacement of asbestos fibers by other fibrous materials has raised similar health issues about substitute materials. However, 
lung cancer has a latency period of approximately 25 years and fiber exposure levels to substitutes are far lower than those that 
prevailed half a century ago with asbestos. Consequently, the epidemiological data on most substitutes is insufficient to establish 
statistically significant correlations between exposure and pulmonary disease (52). A possible exception is slag fibers for which 
several studies on worker populations are available over extended periods (53); some results show a substantial increase in lung cancer 
occurrence. Consequently, the toxicity of asbestos substitute fibers remains a subject of active investigation. 


13. REGULATION 


The identification of health risks associated with long-term, high level exposure to asbestos fibers, together with the fact that large 
quantities of these minerals were used (several million tons annually) in a variety of applications, prompted the enactment of 
regulations to limit the maximum exposure of airborne fibers in workplace environments. The exposure limits may be defined as 
average or peak values, measured either as a weight or as a number of fibers-per-unit-volume. The International Labor Organization 
adopted the following definition (Convention 162, article 2d and R172): the term respirable asbestos fibers means asbestos fibers 
having a diameter of less than 3 :m and a length-to-diameter ratio greater than 3:1. Only fibers of a length greater than 5 :m shall be 
taken into account for purposes of measurement.” In general, exposure limits vary considerably among countries with the range being 
from 0.1 fibers per cubic centimeter (f/cc) for 4- or 8-hour time-weighted-average exposure to 2 f/cc. 
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In accordance with demonstrated differences between the various asbestos fiber types, workplace regulations in many countries 
specify different exposure limits for chrysotile and the amphiboles (54). Typically, exposure limits for amphibole asbestos are one-half 
to one-tenth that for chrysotile. Also, the European Union voted to ban the use of amphibole asbestos and its use has been 
discontinued. Moreover, to alleviate established, or apprehended, risk from substitute fibers, regulations often specify maximum 
exposure limits for synthetic fibers (55). 


Some countries have opted for a broader approach and have adopted regulations that also minimize exposure of the general public 
to environmental asbestos fibers, i.e., by banning or restricting asbestos imports and types of applications. Countries that have banned 
(either a complete bans or a ban with exemptions) or are phasing out the use of asbestos and in some cases, asbestos products, in the 
next few years include Argentina, Austria, Belgium, Chile, Denmark, Finland, France, German, Italy, Netherlands, Norway, Poland, 
Saudi Arabia, Sweden, Switzerland, and the United Kingdom. The European Union voted to ban asbestos use in most applications by 
its members by 2005. 


The obvious trend with asbestos is toward stricter regulations or the banning of its use. Banning has occurred for the most part in 
developed countries where substitute materials or alternative products are readily available and it is economically feasible to use 
asbestos substitutes. In lesser-developed countries where economics and the level of industrial development is a factor, asbestos 
substitutes are not yet considered to be a suitable option in many cases. 


Despite the current bans and continued opposition to the use of asbestos, markets for asbestos probably will exist long into the 
future. Consumption can be expected to decline as substitutes and alternative products gain favor in the remaining world markets. 
This, however, is a process that probably will occur over a period of decades. Even then, there probably will remain specialized 
applications for asbestos, particularly for matrix-based products. 
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Table 1.  Asbestos Fiber Production 


Mineral speciesa Other designations Major sourcesb World production, 
2000, % 


chrysotile white asbestos Russia, Canada, China, Brazil, 
Kazakhstan, and Zimbabwe 


>99% 


cummingtonite
grunerite 


amosite (brown 
asbestos) 


deposits in South Africa none 


riebeckite crocidolite (blue 
asbestos) 


deposits in South Africa none 


anthophyllite deposits in Bulgaria, Finland, India, 
South Africa, United States 


insignificant 


actinolite deposits in South Africa and Taiwan insignificant 


tremolite deposits in India, Italy, Korea, 
Pakistan, South Africa 


insignificant 


aChrysotile is in the serpentine mineral group; all others are amphiboles. 
bIn order of production only for chrysotile. 


Table 2.  Geological Occurrence of Asbestos Fibers 


Chrysotile 
[12001-29-5]a 


Amosite 
[19172-73-5] 


Crocidolite 
[12001-28-4] 


Tremolite 
[14567-73-8] 


mineral species chrysotile cummingtonite
grunerite 


riebeckite tremolite 


structure as veins in serpentine 
and mass fiber 
deposits 


lamellar, coarse to fine, 
fibrous and 
asbestiform 


fibrous in ironstones long, prismatic, and 
fibrous aggregates 


origin alteration and 
metamorphism of 
basic igneous rocks 
rich in magnesium 
silicates 


metamorphic regional metamorphism metamorphic 


essential composition hydrous silicates of 
magnesia 


hydroxy silicate of Fe 
and Mg 


hydroxy silicate of Na, 
Mg, and Fe 


hydroxy silicate of Ca 
and Mg 


aChemical Abstract Service Registry numbers in square brackets. 
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Table 3.  Elemental Analysis of Asbestos Fibersa, percentage 


Variety and source SiO2 


(silica) 
FeO 


(ferrous 
oxide) 


Fe2O3 


(ferric 
oxide) 


Al2O3 


(alumina) 
MgO 


(magnesia) 
CaO 


(lime) 
MnO 


(manganese 
oxide) 


Na2O 
(sodium 
oxide) 


K2O 
(potassium 


oxide) 


H2O, 
adsorbed 


H2O+ , 
combined 


Chrysotile 


Quebec 
Zimbabwe 
Ural Mt. 


40.2 
39.7 
38.1 


1.0 
0.7 
1.3 


0.5 
0.3 
1.4 


2.9 
3.2 
5.0 


39.9 
40.3 
37.7 


1.1 
1.1 
2.2 


0.1 
0.3 
0.1 


0.1 
0.1 
0.1 


0.1 
0.1 
0.1 


0.8 
0.6 
0.8 


13.4 
12.2 
11.1 


Crocidolite 


Cape Province 
Australia 
Bolivia 


50.9 
52.8 
55.7 


20.5 
14.9 
3.8 


16.9 
18.6 
13.0 


0.2 
4.0 


1.1 
4.6 
13.1 


1.5 
1.1 
1.5 


0.1 
trace 
trace 


6.2 
6.0 
6.9 


0.2 
0.1 
0.4 


0.2 
0.2 
trace 


2.2 
2.8 
1.8 


Amosite 


Transvaal 49.4 40.6 0.1 6.7 0.7 0.7 0.1 0.2 0.1 1.9 


Tremolite 


Pakistan 55.1 2.0 0.3 1.1 25.7 11.5 0.1 0.3 0.2 3.5 0.2 


aRef. 13. 







Table 4.  Physical and Chemical Properties of Asbestos Fibers 


Chrysotile Amosite Crocidolite Tremolite 


color usually white to grayish 
green; may have tan 
coloration 


yellowish gray to dark 
brown 


cobalt blue to lavender 
blue 


gray-white, green, 
yellow, blue 


luster silky vitreous to pearly silky to dull silky 


hardness, Mohs 2.5-4.0 5.5-6.0 4.0 5.5 


specific gravity 2.4-2.6 3.1-3.25 3.2-3.3 2.9-3.2 


optical properties biaxial positive parallel 
extinction 


biaxial positive parallel 
extinction 


biaxial oblique 
extinction 


biaxial negative oblique 
extinction 


refractive index 1.53-1.56 1.63-1.73 1.65-1.72 1.60-1.64 


flexibility high fair fair to good poor,generally brittle 


texture silky, soft to harsh coarse but somewhat 
pliable 


soft to harsh generally harsh 


spinnability very good fair fair poor 


tensile strength, MPaa 1100-4400 1500-2600 1400-4600 <500 


resistance to: acids 


alkalies 


weak, undergoes fairly 
rapid attack 


very good 


fair, slowly attacked 


good 


good 


good 


good 


good 


surface charge, mV 
(zeta potential) 


+13.6 to +54b -20 to -40 -32 


decomposition 
temperature, °C 


600-850 600-900 400-900 950-1040 


residual products forsterite, silica, 
eventually enstatite 


Fe and Mg pyroxenes, 
magnetite, hematite, 
silica 


Na and Fe pyroxenes, 
hematite, silica 


Ca, Mg, and Fe 
pyroxenes, silica 


aTo convert Mpa to psi, multiply by 145. 
bChrysotile fibers tend to become negative after weathering and/or leaching. 
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Table 5.  World Production of Asbestos by Principal Producing Countries, 1920-2000a,b, tons 
Country 1920 1930 1940 1950 1960 1970 1980 1990 2000 


Brazil — — 454 844 3,538 16,329 169,173 205,000 170,000 
Canada 146,999 199,255 284,406 794,100 1,014,647 1,507,420 1,323,053 725,000 320,000 
China 5 286 18,157 — 81,647 172,365 131,700 221,000 370,000 
South Africa 5,853 15,868 22,543 79,300 159,544 290,318 277,734 146,000 18,782 
U.S.S.R.c — 49,063 — 217,725 598,743 1,065,943 2,070,000 2,400,000 983,200 
United States (sold or used by 


producers) 1,356 3,491 16,509 38,496 41,026 113,683 80,079 W 5,260 
Zimbabwe 15,491 31,080 46,093 64,888 121,529 79,832 250,949 161,000 145,000 
Other 5,296 7,957 39,838 94,648 189,326 244,109 397,312 152,000 57,758 


Total 175,000 307,000 428,000 1,290,000 2,210,000 3,490,000 4,700,000 4,010,000 2,070,000 
aWorld totals, U.S. data, and estimated data are rounded to three significant digits; may not add to totals shown. 
bW. Withheld. — Zero. 
cSoviet Republics combined, 1930 to 1990; Russia, 1920; Russia (750,000 tons) and Kazakhstan (233,200 tons), 2000. 


Source: U.S. Geological Survey and U.S. Bureau of Mines Minerals Yearbook chapters on asbestos 







Table 6.  Utilization of Asbestos Fibers by Product Category and Process in 2000a 


Asbestos bonded with other materials (more than 98% of total usage) 


bonded with inorganic 
materials 


Portland cement, hydrous calcium silicate, 
basic magnesium carbonate 


asbestos-cement products, insulation 
boards 


bonded with inorganic 
materials 


Oils, tars, elastomers, plastics, resins roofing products, caulking, joining, 
packings, gaskets, floor tiles, reinforced 
plastic sheets, friction materials (brake 
linings, clutches), thermoplastics, 
thermosets 


Asbestos used as loose fiber mixtures (less than 0.1 % of total usage) 


mixtures with inorganic 
materials 


cement, gypsum, hydrous calcium silicate, 
basic magnesium carbonate, diatomaceous 
earth 


heat, electrical or sound insulation products 


Asbestos as textile fiber (less than 1% of total usage) 


slivers, rovings 


yarn woven, plaited cloth, webbing, tubing, jointings 


aProduct groups in bold represent major end uses within a process category. 


Modified from ref. 39. 
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Table 7.  Uses of Asbestos 


Gradea Length specifications, mm Usesb 


long fiber 
no. 1 crude 
no. 2 crude 
no. 3 


19 
9.5-19 
6-9.5 


textiles 
textiles, insulation 
textiles, packings, brake linings, 


clutch facings, electrical, high 
pressure and marine insulation 


medium fiber 
no. 4 


no. 5 


no. 6 


3-6 


3-6 


3 


asbestos-cement pipe, brake linings, 
plastics 


asbestos-cement pipe and sheets, 
molded products, paper products, 
brake linings and gaskets 


asbestos-cement products, brake 
linings and gaskets, plaster, backing 
for vinyl sheets 


short fiber 
no. 7 


no. 8 


3 


c 


molded brake linings and clutch 
facings, plastics, filler in vinyl and 
asphalt floor tiles, asphalt 
compounds, thermal insulation, 
caulking compounds, gaskets, paints 
and drilling mud additive 


similar to no. 7 


aQuebec Standard. 
bMany uses shown are discontinued; major uses in 2000 in bold. 
cLoose density specifications. 


Ref. 36. 
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Table 8.  Asbestos Substitutes and Relative Costsa 


Minerals Synthetic mineral fibers Synthetic organic fibers 


< 2 $/kgb 


attapulgite 
diatomite 
mica 
perlite 
sepiolite 
talc 
vermiculite 
wollastonite 
asbestos, grades 3-7 


mineral wool 
glass wool 


2-10 $/kg 


steel fibers 
continuous filament glass 
alkiali-resistant glass 
aluminsilicates 


polypropylene (PP) 
poly(vinyl alcohol)( (PVA) 
polyacrylonitrile (PAN) 


>20 $/kg 


alumina fibers 
silica fibers 
graphite fibers 


polybenzimidazole (PBI) 
aramid fibers 
pitch and PAN carbon fibers 


aIn U.S. $, 1989. 
bThe natural organic fiber, cellulose (pulp), also falls in the < $2/kg range. 


Ref. 40. 
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Good Practice Note:  Asbestos: Occupational and Community Health Issues  


 
1. SUMMARY 
 
The purpose of this Good Practice Note is to increase the awareness of the health risks related to 
occupational asbestos exposure, provide a list of resources on international good practices 
available to minimize these risks, and present an overview of some of the available product 
alternatives on the market. The need to address asbestos-containing materials (ACM) as a hazard 
is no longer under debate but a widely accepted fact.  
 
Practices regarding asbestos that are normally considered acceptable by the World Bank Group 
(WBG) in projects supported through its lending or other instruments are addressed in the 
WBG’s General Environmental, Health and Safety (EHS) Guidelines.1  This Good Practice Note 
provide background and context for the guidance in the WBG EHS Guidelines. 
 
Good practice is to minimize the health risks associated with ACM by avoiding their use in new 
construction and renovation, and, if installed asbestos-containing materials are encountered, by 
using internationally recognized standards and best practices (such as those presented in 
Appendix 3) to mitigate their impact.  In all cases, the Bank expects borrowers and other clients 
of World Bank funding to use alternative materials wherever feasible. 
 
ACM should be avoided in new construction, including construction for disaster relief. In 
reconstruction, demolition, and removal of damaged infrastructure, asbestos hazards should be 
identified and a risk management plan adopted that includes disposal techniques and end-of-life 
sites. 
 
2. ASBESTOS AND HEALTH RISKS 
 
2.1. What is Asbestos, and Why are We Concerned with its Use?  
Asbestos is a group of naturally occurring fibrous silicate minerals. It was once used widely in 
the production of many industrial and household products because of its useful properties, 
including fire retardation, electrical and thermal insulation, chemical and thermal stability, and 
high tensile strength. Today, however, asbestos is recognized as a cause of various diseases and 
cancers and is considered a health hazard if inhaled.2 The ILO estimates that over the last several 
decades 100,000 deaths globally have been due to asbestos exposure,3 and the WHO states that 
90,000 people die a year globally because of occupational asbestos exposure.4


                                                 
1 http://www.ifc.org/ifcext/enviro.nsf/AttachmentsByTitle/gui_EHSGuidelines2007_GeneralEHS/$FILE/Final+-
+General+EHS+Guidelines.pdf  (pp. 71, 91, 94) . 
2 http://www.who.int/occupational_health/publications/draft.WHO.policy.paper.on.asbestos.related.diseases.pdf.  
See also Stayner L, et al., “Exposure-Response Analysis of Risk of Respiratory Disease Associated with 
Occupational Exposure to Chrysotile Asbestos.” Occupational Environmental  Medicine. 54: 646-652 (1997). 
3 http://www.ilo.org/wow/Articles/lang--en/WCMS_081341 
4 http://www.who.int/occupational_health/publications/asbestosrelateddiseases.pdf
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Over 90% of asbestos5 fiber produced today is chrysotile, which is used in asbestos-cement (A-
C) construction materials: A-C flat and corrugated sheet, A-C pipe, and A-C water storage tanks.  
Other products still being manufactured with asbestos content include vehicle brake and clutch 
pads, roofing, and gaskets. Though today asbestos is hardly used in construction materials other 
than asbestos-cement products, it is still found in older buildings in the form of friable surfacing 
materials, thermal system insulation, non-friable flooring materials, and other applications. The 
maintenance and removal of these materials warrant special attention.  
 
Because the health risks associated with exposure to asbestos area now widely recognized, global 
health and worker organizations, research institutes, and some governments have enacted bans 
on the commercial use of asbestos (see Box 1), and they urge the enforcement of national 
standards to protect the health of workers, their families, and communities exposed to asbestos 
through an International Convention.6


 
BOX 1. BANS ON THE USE OF ASBESTOS AND ASBESTOS PRODUCTS 


 
A global ban on commercial use of asbestos has been urged by the Building and Wood Workers 
Federation (IFBWW), the International Metalworker’s Federation, the International Trade Union 
Confederation, the government of France, and the distinguished scientific group Collegium 
Ramazzini. All member states of the European Union and over 40 countries worldwide (see 
Appendix 1) have banned all forms of asbestos, including chrysotile.7  In June 2006, the General 
Conference of the ILO adopted a resolution to “promote the elimination of all forms of asbestos 
and asbestos-containing materials.”  
 
• Landrigan PJ, Soffritti M.  “Collegium Ramazzini Call for an International Ban on Asbestos.” Am. J. Ind. Med. 


47: 471-474 (2005). 
• The International Ban Asbestos Secretariat keeps track of national asbestos bans. http:// 


ibassecretariat.org./lka_alpha_asb_ban_280704.php 
• General Conference of the International Labor Organization, “Resolution Concerning Asbestos,” Provisional 


Record, International Labor Conference, Ninety-fifth Session, Geneva, 2006, Item 299, pp. 20/47-48. 
• World Health Organization: http://www.who.int/occupational_health/publications/asbestosrelateddiseases.pdf   
 
 
2.2. Health Concerns Linked to Asbestos-Containing Products 
Health hazards from breathing asbestos dust include asbestosis, a lung scarring disease, and 
various forms of cancer (including lung cancer and mesothelioma of the pleura and 
peritoneum).8  These diseases usually arise decades after the onset of asbestos exposure. 
Mesothelioma, a signal tumor for asbestos exposure, occurs among workers’ family members 


                                                 
5 Asbestos defined in Castleman, B. Asbestos: Medical and Legal Aspects 5th Ed. New York: Aspen, 2005, 894 pp.   
6 ILO Asbestos Convention No. 162, (see http:www.ilo.org/ilolex or 
http://www.itcilo.it/actrav/osh_es/m%F3dulos/legis/c162.htm) 
7 http://www.who.int/occupational_health/publications/asbestosrelateddiseases.pdf.  Directive 2003/18/EC of the 
European Council and Parliament amending Council Directive 83/477/EEC,  and Directive  99/77/EEC 
8 http://www.euro.who.int/document/aiq/6_2_asbestos.pdf 
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from dust on the workers’ clothes and among neighbors of asbestos air pollution point sources.9 
Some experimental animal studies show that high inhalation exposures to all forms of asbestos 
for only hours can cause cancer.10 Very high levels of airborne asbestos have been recorded 
where power tools are used to cut A-C products and grind brake shoes. For chrysotile asbestos, 
the most common variety, there is no threshold (non-zero) of exposure that has been shown to be 
free from carcinogenic risks. Construction materials are of particular concern, because of the 
large number of workers in construction trades, the difficulty of instituting control measures, and 
the continuing threat posed by in-place materials that eventually require alterations, repair, and 
disposal.11 Renovations and repairs in buildings containing A-C materials can also endanger 
building occupants.  In addition to the problems from products made with commercial asbestos, 
asbestos also occurs as a contaminant in some deposits of stone, talc, vermiculite, iron ore, and 
other minerals. This can create health hazards for workers and residents at the site of excavation 
and in some cases in the manufacture and use of consumer products the materials are used to 
make. While asbestos is a known carcinogen when inhaled, it is not known to be carcinogenic 
when ingested, as through drinking water,12 although pipe standards have been issued for 
asbestos-cement pipes conducting “aggressive” water.13


 
From the industrial hygiene viewpoint, asbestos creates a chain of exposure from the time it is 
mined until it returns to the earth at landfill or unauthorized disposal site. At each link in the 
chain, occupational and community exposures coexist. Workers in the mines are exposed to the 
fibers while extracting the ore; their families breathe fibers brought home on work clothes; 
workers in the mills and factories process the fiber and manufacture products with it; and their 
families are also secondarily exposed. Communities around the mines, mills, and factories are 
contaminated with their wastes; children play on tailings piles and in contaminated schoolyards; 
transportation of fiber and products contaminates roads and rights-of-way.14 Tradesmen who 
install, repair and remove ACM are exposed in the course of their work, as are bystanders in the 
absence of proper controls. Disposal of asbestos wastes from any step in this sequence not only 
exposes the workers handling the wastes but also local residents when fibers become airborne 
because of insufficient covering and erosion control. Finally, in the absence of measures to 
remove ACM from the waste stream and dispose of them properly, the cycle is often repeated 
when discarded material is scavenged and reused.15


                                                 
9 “Asbestos.” World Health Organization IARC Monographs on the Evaluation of Carcinogenic Risks to Humans/ 
Overall Evaluations of Carcinogenicity: An Updating of IARC Monographs 1 to 42,  Suppl. 7.  Lyon: International 
Agency for Research on Cancer, 1987, pp. 106-116.   
10 Wagner JC, Berry G, Skidmore JW, Timbrell V.  “The Effects of the Inhalation of Asbestos in Rats.”  Br. J. 
Cancer 29: 252-269 (1974). 
11 International Program on Chemical Safety, “Conclusions and Recommendations for Protection of Human Health,” 
Chrysotile Asbestos, Environmental Health Criteria 203.  Geneva: World Health Organization, 1998, p. 144. 
12 http://whqlibdoc.who.int/hq/2000/a68673_guidelines_3.pdf 
13 http://whqlibdoc.who.int/hq/2000/a68673_tech_aspects_4.pdf 
14 Jones, Robert  “Living in the Shadow of the Asbestos Hills (The Need for Risk Based Cleanup Strategies for 
Environmental Asbestos Contamination in South Africa).” Environmental Exposure, Crisis Preparedness and Risk 
Communication, Global Asbestos Congress, Tokyo, Japan, November 19 - 21, 2004. 
http://park3.wakwak.com/~gac2004/en/index_abstract_e.html.  See also Oberta, AF “Case Study: An Asbestos 
Cement Plant in Israel -- Contamination, Clean-up and Dismantling.” Hellenic Asbestos Conference, Athens, 
Greece, October 29 - 31, 2002.  http://www.ibas.btinternet.co.uk/Frames/f_lka_hellen_asb_conf_rep.htm 
15 Boer, A.M., L.A. Daal, J.L.A. de Groot, J.G. Cuperus “The Combination of the Mechanical Separator and the 
Extraction Cleaner Can Process the Complete Asbestos-containing Waste-stream and Make it Suitable for Reuse.” 
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2.3. Increasing Use of Asbestos Fiber 
 
There is evidence that, after a decline in the 1990s, the use of asbestos fiber is increasing 
globally. A recent study16 shows that a 59% increase in metric tons was consumed in 12 
countries from 2000 to 2004.  
 
3. INTERNATIONAL CONVENTION AND STANDARDS FOR WORKING WITH ASBESTOS   
 
3.1. International Convention 
The International Labor Organization (ILO) established an Asbestos Convention (C162) in 1986 
to promote national laws and regulations for the “prevention and control of, and protection of 
workers against, health hazards due to occupational exposure to asbestos.”17 The convention 
outlines aspects of best practice: Scope and Definitions, General Principles, Protective and 
Preventive Measures, Surveillance of the Working Environment, and Workers’ Health. As of 
March 4, 2008, 31 countries had ratified the Convention;18 17 of them have banned asbestos.  
 
Some of the ILO asbestos convention requirements:  


• work clothing to be provided by employers;   
• double changing rooms and wash facilities to prevent dust from going home on street 


clothes;   
• training of workers about the health hazards to themselves and their families;  
• periodic medical examinations of workers, 
• periodic air monitoring of the work environment, with records retained for 30 years;   
• development of a work plan prior to demolition work, to protect workers and provide for 


proper waste disposal; and  
• protection from “retaliatory and disciplinary measures” of workers who remove 


themselves from work that they are justified in believing presents a serious danger to 
health.     


 
Standard considerations for working with and procuring ACM are common to most projects. An 
overview of some basic ones is provided in Appendix 5. 
 
3.2. International Standards and National Regulations 
Standards and regulations for work involving ACM have been published by nongovernmental 
organizations and government agencies. Appendix 3 provides a listing of some resources, 
including international organizations (e.g., WHO, ISO, ASTM) and national governments (e.g., 
UK, US, Canada, South Africa). The resources range from manuals to individual standards and 
cover a variety of work guidelines, including surveys, identification, inspection, maintenance, 
renovation, repair, removal, and disposal.  Some of the key issues discussed in these standards 
and regulations are as follows: 
                                                                                                                                                             
European Conference on Asbestos Risks and Management, Rome, Italy, December 4 -6, 2006. 
http://venus.unive.it/fall/menu/Boer.pdf 
16 R. Virta, US Geological Survey, 2007. 
17 www.ilo.org/ilolex  
18 http://www.ilo.org/ilolex/english/convdisp1.htm 
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 The scale of occupational hazards. The health risk is not simply a function of the properties 


of the ACM, but also reflects the type of work being done and the controls used. Although A-
C products, for example, may seem to intrinsically present less of a risk than fire-proofing, 
air monitoring has shown that cutting dry A-C sheet with a power saw can release far greater 
amounts of airborne fibers than scraping wet, saturated fireproofing off a beam. The 
relationship between the nature of A-C products, the work being done and the controls used 
to control the release of fibers and debris is important (as discussed in ASTM E2394 and 
HSG189/219). 


 
 Controlling exposure to airborne fibers. Because asbestos fibers are primarily an 


inhalation hazard, the basic purpose of the regulations and standards is to control the 
concentration of asbestos fibers in the air inhaled by workers or others. Concentration limits 
have been set by regulations in numerous countries for workers whose duties involve contact 
with ACM; however, they do not purport to totally eliminate the risk of asbestos disease, but 
only to reduce it. Exposure limits for individuals other than workers, including occupants of 
buildings and facilities and the community, are lower than those for workers in deference to 
the very young and old as well as the physically compromised.   


 
 Measuring exposure to airborne fibers.  Compliance with exposure limits is demonstrated 


by air sampling in workers’ breathing zone or in the space occupied by the affected 
individuals, with analysis of the sample by optical or electron microscopy, as explained in 
Appendix 3. Abatement protocols determine whether a building can be reoccupied after 
asbestos abatement. 


 
 Proper disposal. Proper disposal of ACM is important not only to protect the community 


and environment but also to prevent scavenging and reuse of removed material. ACM should 
be transported in leak-tight containers to a secure landfill operated in a manner that precludes 
air and water contamination that could result from ruptured containers. Similar requirements 
apply to remediation of sites such as mines, mills, and factories where asbestos fiber was 
processed and products manufactured. (See EPA NESHAP regulations, Appendix 3.) 


 
 Transboundary movement of waste. Waste asbestos (dust and fibers) is considered a 


hazardous waste under the Basel Convention on the Control of Transboundary Movements of 
Hazardous Wastes and their Disposal. The Basel Convention imposes use of a prior informed 
consent procedure for movement of such wastes across international borders. Shipments 
made without consent are illegal. Parties have to ensure that hazardous waste is disposed of 
in an environmentally sound manner (ESM. Strong controls have to be applied from the 
moment of generation, to its storage, transport, treatment, reuse, recycling, recovery and final 
disposal20 


 
 Identifying asbestos products. A-C products include flat panels, corrugated panels used for 


roofing, water storage tanks, and pressure, water, and sewer pipes. In some countries asbestos 
                                                 
19 See Appendix 3. 
20 See Basel Convention Secretariat http://www.basel.int/ 
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may still be used in making wallboard, heat-resistant gloves and clothes for industrial use, 
and brake and clutch friction elements and gaskets used in vehicles.21 Thermal insulation 
containing asbestos and sprayed asbestos for insulation and acoustic damping were widely 
used through the 1970s and should be looked for in any project involving boilers and 
insulated pipes. Insulation dating from before 1980 should be presumed to contain asbestos 
unless analyzed and found not to. The microscopic methodology for analyzing bulk samples 
for the presence of asbestos is widely available in industrialized countries and is not 
expensive; it is less available in developing countries.  In a developing country samples may 
have to be mailed out for testing; alternatively, training may be available for a laboratory in 
the country.   


 
 Training. It is impossible to overemphasize the importance of training for working with 


ACM in any capacity—whether it involves inspections, maintenance, removal, or laboratory 
analysis. The duration of the training as well as the course content depends on the type of 
work the individual will be doing. Quality control and proficiency testing for laboratories and 
individual analysts are also important.  


 
 
4. ALTERNATIVES TO ASBESTOS-CONTAINING MATERIALS 
 
4.1. Growing Marketplace 
Safer substitutes for asbestos products of all kinds are increasingly available (see Appendix 4).  
These include fiber-cement products using combinations of local vegetable fibers and synthetic 
fibers, as well as other products that serve the same purposes.22  The WHO is actively involved 
in evaluating alternatives.23  
 
4.2. Cost and Performance Issues 
Fiber-cement roof panels using polyvinyl alcohol (PVA) or polypropylene combined with 
cellulose now cost 10-15% more to manufacture than A-C sheets.  Polypropylene-cellulose-
cement roofing, a new product, is made at a cost of about 12 percent more than A-C roofing and 
has superior impact resistance. The non-asbestos fiber-cement panels are lighter, less brittle, and 
have improved nailability over A-C.  The increase in the overall cost of building construction 
that such products represent is to some degree offset by the obviation of special hygiene 
measures in installation/maintenance/renovation, the lack of a continuing hazard to building 
workers and occupants, and reduced costs of waste removal and disposal. Micro concrete tiles 
are cheaper than A-C to produce, and can be made in a basic workshop near the building site 
with locally available small contractors and materials, lowering transport costs.  Compared with 
A-C pipes, iron pipes can be transported and installed with less difficulty and breakage, take 
greater compression loading and last longer.   
                                                 
21 In 2004, Russia, China, India, Kazakhstan, Thailand, and Ukraine together accounted for about three-quarters of 
world asbestos consumption. Other major consumers of asbestos are Iran, Brazil, Vietnam, and Indonesia. 
22 7.  The U.K. Health and Safety Executive commissioned a report that concluded that the main replacement fibrous 
materials for asbestos in fiber-cement products and brakes are less hazardous than chrysotile asbestos.  See Harrison 
PTC, et al. “Comparative Hazards of Chrysotile Asbestos and Its Substitutes: A European Perspective.”  Envir. 
Health Persp. 107: 607-611 (1999).  http://www.ehponline.org/members/1999/107p607-611harrison/harrison-
full.html    
23 http://www.who.int/ipcs/assessment/asbestos/en/ 
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5. WORLD BANK GROUP APPROACH TO ASBESTOS HEALTH RISK 
 
The WBG EHS Guidelines are technical reference documents with general and industry-specific 
examples of Good International Industry Practice (GIIP).24 When one or more members of the 
WBG are involved in a project, the EHS Guidelines are applied as required by their respective 
policies and standards.  
 
The WBG’s EHS Guidelines25 specify that the use of ACM should be avoided in new buildings 
and construction or as a new material in remodeling or renovation activities.  Existing facilities 
with ACM should develop an asbestos management plan that clearly identifies the locations 
where the ACM is present, its condition (e.g., whether it is in friable form or has the potential to 
release fibers), procedures for monitoring its condition, procedures to access the locations where 
ACM is present to avoid damage, and training of staff who can potentially come into contact 
with the material to avoid damage and prevent exposure.  The plan should be made available to 
all persons involved in operations and maintenance activities.  Repair or removal and disposal of 
existing ACM in buildings should be performed only by specially trained personnel26 following 
host country requirements or, if the country does not have its own requirements, internationally 
recognized procedures.27 Decommissioning sites may also pose a risk of exposure to asbestos 
that should be prevented by using specially trained personnel to identify and carefully remove 
asbestos insulation and structural building elements before dismantling or demolition.28   


 


 
 
 


                                                 
24 Defined as the exercise of professional skill, diligence, prudence, and foresight that would be reasonably expected 
from skilled and experienced professionals engaged in the same type of undertaking under the same or similar 
circumstances globally. The circumstances that skilled and experienced professionals may find when evaluating the 
range of pollution prevention and control techniques available to a project may include, but are not limited to, 
varying levels of environmental degradation and environmental assimilative capacity as well as varying levels of 
financial and technical feasibility 
25 http://www.ifc.org/ifcext/enviro.nsf/AttachmentsByTitle/gui_EHSGuidelines2007_GeneralEHS/$FILE/Final+-
+General+EHS+Guidelines.pdf  (pp. 71, 91, 94)  
26 Training of specialized personnel and the maintenance and removal methods applied should be equivalent to those 
required under applicable regulations in the United States and Europe (examples of North American training 
standards are available at: http://www.osha.gov/SLTC/asbestos/training.html) 
27 Examples include the ASTM International E1368 - Standard Practice for Visual Inspection of Asbestos 
Abatement Projects; E2356 - Standard Practice for Comprehensive Building Asbestos Surveys; and E2394 - 
Standard Practice for Maintenance, Renovation and Repair of Installed Asbestos Cement Products. 
28 http://www.ifc.org/ifcext/enviro.nsf/AttachmentsByTitle/gui_EHSGuidelines2007_GeneralEHS/$FILE/Final+-
+General+EHS+Guidelines.pdf  (pp. 71, 91, 94) 
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APPENDIX 1. COUNTRIES THAT HAVE BANNED THE USE OF ASBESTOS  
 


1. Argentina 
2. Australia 
3. Austria 
4. Belgium 
5. Bulgaria 
6. Chile 
7. Cyprus 
8. Czech Republic 
9. Denmark 
10. Egypt 
11. Estonia 
12. Finland  
13. France 
14. Gabon 
15. Germany  
16. Greece 
17. Honduras 
18. Hungary  
19. Iceland 
20. Ireland 
21. Italy 
22. Japan  
23. Jordan 
24. Kuwait 
25. Latvia 
26. Lithuania 
27. Luxembourg 
28. Malta 
29. Netherlands 
30. Norway 
31. Poland 
32. Portugal 
33. Republic of Korea  
34. Romania 
35. Saudi Arabia 
36. Seychelles 
37. Slovakia 
38. Slovenia 
39.  South Africa 
40. Spain 
41. Sweden 
42. Switzerland 
43. United Kingdom 
44. Uruguay 
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APPENDIX 2.  WORLD BANK GROUP ASBESTOS REFERENCES  
 
 


Policy guidance References 
ACM should be avoided in new buildings or 
as new material in remodeling or renovation 
• Existing buildings: ACM Survey and 


management plan needed 
• Disposal of ACM shall be carried out by 


specially trained individuals only 
following host country requirements, or in 
their absence, internationally recognized 
procedures  


 
Guidance: General 
Environment Health and Safety 
Guidelines April 2007, p 34 
and 71. 


Some examples of project requirements: 
 
• risk assessment to determine extent of 


problem; surveys to abate asbestos 
exposure; management plan; removal by 
trained personnel; prohibition of ACM; 
procedures for handling, removal, 
transport, and disposal of asbestos. 


 


• Ukraine -Equal Access to 
Quality Education (Project 
ID PO77738) 


• KH- Health Sector Support 
(Project ID: P070542) 


• ID- Health Workforce and 
Services (Project. ID: 
P073772) 


• Changchun, China -TBK 
Shili Auto Parts Co., (IFC, 
2005) 
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APPENDIX 3. LIST OF RESOURCES FOR ASBESTOS STANDARDS AND REGULATIONS 
 
NOTE: this listing is not meant to be all-inclusive, but is a sample of available information. 
 


INTERNATIONAL STANDARDS 
WHO Policy and Guidelines (www.who.org) 
 www.searo.who.int/LinkFiles/Publications_and_Documents_prevention_guidelines.pdf(p. 70) 
 www.searo.who.int/en/Section23/Section1108/Section1835/Section1864_8658.htm 


International Organization for Standardization (ISO)  (www.iso.org) 
 ISO 10312 (1995): Ambient air -- Determination of asbestos fibres -- Direct transfer 


transmission electron microscopy method. [Method similar to ASTM D6281] 
 ISO 13794 (1999): Ambient air – Determination of asbestos fibres – Indirect-transfer 


transmission electron microscopy method. 
 ISO/FDIS 16000-7: Indoor air – Part 7: Sampling strategy for determination of airborne 


asbestos fibre concentrations. 
 ISO 8672: Air quality -- Determination of the number concentration of airborne inorganic 


fibres by phase contrast optical microscopy -- Membrane filter method (1993) [Method similar 
to AIA RTM1] 


Basel Convention on the Control of Transboundary Movements of Hazardous Wastes and 
            their Disposal
 Basel Convention Secretariat (www.basel.int) 


International Labour Organization (www.ilo.org) 
 Chemical Safety Card, ICSC 0014: 


www.ilo.org/public/english/protection/safework/cis/products/icsc/dtasht/_icsc00/icsc0014.htm 
European Union 
(europa.eu.int/smartapi/cgi/sga_doc?smartapi!celexapi!prod!CELEXnumdoc&lg=EN&numdoc=3
2003L0018&model=guichett) 
 Directive 2003/18/EC amending Council Directive 83/477/EEC on the Protection of Workers 


from the Risks Related to Exposure to Asbestos at Work. (March 2003). Provides regulations 
including: worker protection, training and medical surveillance; inspections for asbestos-
containing materials; notification of asbestos work; air sampling; exposure limits of 0,1 fibres 
per cm³ (8-hr TWA) measured by Phase Contrast Microscopy. 


 
NATIONAL STANDARDS 
ASTM International (www.astm.org) 
 Manual on Asbestos Control: Surveys, Removal and Management – Second Edition (March 


2005). Author: Andrew F. Oberta, MPH, CIH. Discusses in detail how E2356, E2394 and 
E1368 are used to support an asbestos management program. 


 E2356 Standard Practice for Comprehensive Building Asbestos Surveys. July, 2004. Covers 
baseline surveys for management of ACM and includes assessment protocols to make and 
prioritize removal vs. maintenance decisions. ASTM E2356 provides information for long-
term management of ACM in a Baseline Survey and for preparation of the plans and 
specifications for a removal project. It contains detailed procedures and equipment (mostly 
ordinary hardware items) needed to take bulk samples of common types of suspect ACM.  
Once materials have been identified as asbestos-containing, an assessment is made as to which 
can be left in place. Quantitative assessment of the Current Condition and Potential for 


  



http://www.searo.who.int/LinkFiles/Publications_and_Documents_prevention_guidelines.pdf

http://europa.eu.int/smartapi/cgi/sga_doc?smartapi!celexapi!prod
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Disturbance of all friable and non-friable materials allows removal priorities to be tabulated 
and graphically displayed. Budgetary estimates for removal can be established on the basis of 
the quantitative assessments. 


 E2394 Standard Practice for Maintenance, Renovation and Repair of Installed Asbestos 
Cement Products (October 2004). Describes materials, hazardous operations, necessary 
precautions and infrastructure requirements with detailed procedures in appendices. Not 
intended for installation of asbestos-cement products in new construction or renovation. 


 E1368 Standard Practice for Visual Inspection of Asbestos Abatement Projects (May 2005). 
Provides an approach to managing a removal project to enhance prospects of passing final 
inspections and clearance air sampling. Describes preparation, removal and inspection 
procedures and criteria.  


 E2308 Standard Guide on Limited Asbestos Screens of Buildings (2005). Provides the 
minimum amount of information needed to facilitate a real estate transaction. 


 D6281 Standard Test Method for Airborne Asbestos Concentration in Ambient and Indoor 
Atmospheres as Determined by Transmission Electron Microscopy Direct Transfer (TEM). A 
method for distinguishing asbestos from non-asbestos fibers on an air sample filter and 
identifying and quantifying smaller and thinner fibers than Phase Contrast Microscopy 


 D7201: Practice for Sampling and Counting Airborne Fibers, Including Asbestos Fibers, in the 
Workplace, by Phase Contrast Microscopy (with an Option of Transmission Electron 
Microscopy) 


 Combines methodology of NIOSH 7400 and 7402  
 
Australia 
(www.ascc.gov.au/ascc/AboutUs/Publications/NationalStandards/ListofNationalCodesofPractice.
htm) 
• Safe Removal of Asbestos 2nd edition [NOHSC: 2002 (2005)] 
• Code of Practice for the Management and Control of Asbestos in the Workplace [NOHSC: 


2018 (2005)] 
U. K. Health and Safety Executive (http://www.hse.gov.uk/asbestos/index.htm) 
 Asbestos Regulations (http://www.opsi.gov.uk/si/si2006/20062739.htm) 
 Asbestos Essentials (http://www.hse.gov.uk/asbestos/essentials/index.htm). Includes sections 


on manager Tasks and methods and equipment.  
Publications include:  
 Working with Asbestos in Buildings INDG289 08/01 C600. An overview (16 pages) of 


asbestos hazards and precautions 
 MDHS100 Surveying, sampling and assessment of asbestos containing materials (2001). 


Contains many illustrations and examples of asbestos-containing products as well as sampling 
and analytical methods. MDHS100 is comparable in thoroughness to ASTM in its discussion 
of bulk sampling techniques and equipment, organizing a survey and assessment of ACM 
using a numerical algorithm based on the product type, extent of damage, surface treatment 
and type of asbestos fiber.  The document contains numerous photographs of typical ACM 
found in buildings. 


 HSG189/2 Working with asbestos cement (1999). Describes asbestos-cement products and 
methods of repairing and removing them, including fiber concentrations for controlled and 
uncontrolled operations. 


 The Control of Asbestos at Work Regulations (2002). Requirements for the protection of 


  



http://www.ascc.gov.au/ascc/AboutUs/Publications/NationalStandards/ListofNationalCodesofPractice.htm

http://www.ascc.gov.au/ascc/AboutUs/Publications/NationalStandards/ListofNationalCodesofPractice.htm

http://www.hse.gov.uk/asbestos/essentials/index.htm
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people being exposed to asbestos, including the requirement for those with responsibility for 
the maintenance and/or repair of non-domestic premises, to identify and manage any risk from 
asbestos within their premises 


National Institute of Building Sciences (http://www.nibs.org/pubsasb.html) 
 Guidance Manual: Asbestos O&M Work Practices, Second Edition (1996). Contains 


procedures for small-scale work on friable and non-friable ACM including asbestos-cement 
products. 


 Asbestos Abatement and Management in Buildings: Model Guide Specification. Third Edition 
(1996). Contains information on project design and surveillance as well as applicable US 
regulations, plus removal contractor requirements for abatement work in specification format. 


Austrian Standards Institute (http://www.on-norm.at/index_e.html) 
ONORM M 9406, Handling of products containing weakly bound asbestos, 01 08 2001. Contains 
a protocol and algorithm for assessing the condition and potential fiber release from friable 
asbestos-containing materials. 
International Chrysotile Association (www.chrysotile.com). [Please note this organization 
represents asbestos industries and businesses] 
 Recommended Technical Method No. 1 (RTM1), Reference Method for the determination of 


Airborne Asbestos Fibre Concentrations at workplaces by light microscopy (Membrane Filter 
Method). Method using Phase Contrast Microscopy for counting fibers on an air sampling 
filter that does not distinguish asbestos from other fibers 


 Recommended Technical Method No. 2 (RTM2) Method for the determination of Airborne 
Asbestos Fibres and Other Inorganic Fibres by Scanning Electron Microscopy. Method that 
identifies smaller fibers than Phase Contrast Microscopy and can distinguish types of asbestos 
fibers. 


U.S. National Institute for Occupational Safety and Health  
(www.cdc.gov/niosh/topics/asbestos) 
 Occupational Safety and Health Guidelines for Asbestos (www.cdc.gov/niosh/pdfs/0041.pdf) 
 Recommendations for Preventing Occupational Exposure 


(www.cdc.gov/niosh/topics/asbestos/#prevention) 
 Method 7400, Asbestos and other fibers by PCM  (1994).Phase Contrast Microscopy method 


similar to AIA RTM1 that counts all fibers greater than 5µm long with a 3:1 aspect ratio 
 Method 7402 Asbestos by TEM (1994). Method using Transmission Electron Microscopy that 


identifies and counts asbestos fibers greater than 5µm long and greater than 0.25µm in 
diameter with a 3:1 aspect ratio 


U.S. Environmental Protection Agency (www.epa.gov/asbestos) 
 Resources include managing asbestos-containing materials in buildings, schools, and the 


automotive industry. Includes procedures for inspection, analysis of bulk samples, assessment 
of friable ACBM, response actions (removal, encapsulation, enclosure), Operations and 
Maintenance, and clearance air sampling.  


 National Emission Standards for Hazardous Air Pollutants: Subpart M - Asbestos. 40 CFR 
Part 61. (1990). Regulations include: definitions of friable and non-friable asbestos-containing 
materials; notification requirements for renovation and demolition of buildings and facilities 
containing ACM; work practices to prevent visible emissions; disposal of ACM and waste 
material in approved landfills; and operation and closure of landfills. 


 20T-2003 Managing Asbestos in Place: A Building Owner’s Guide to Operations and 
Maintenance Programs for Asbestos-Containing Materials “Green book” (1990) 


  



http://www.chrysotile.com/
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 Guidance document covering: organizing an Operations and Maintenance (O&M) program 
including training O&M workers; recognizing types of O&M; work practices and precautions 
for O&M work. 


 EPA-600/R-93/116 Method for the Determination of Asbestos in Bulk Building Materials 
(1993) Polarized Light Microscopy, Gravimetry, X-ray diffraction and Transmission Electron 
Microscopy methods of identifying and quantifying asbestos fibers in bulk building materials. 
The identification of materials as containing asbestos is done by analysis of bulk samples, 
usually with Polarized Light Microscopy. The analytical procedures described and the 
equipment to perform the analyses is similar to that found in academic or commercial geology 
laboratories, but specialized training to identify and quantify asbestos fibers in bulk building 
materials is needed as well as quality control and proficiency testing programs. 


 Polarized Light Microscopy, Gravimetry, X-ray diffraction and Transmission Electron 
Microscopy methods of identifying and quantifying asbestos fibers in bulk building materials 


U. S. Occupational Safety and Health Administration (Department of Labor) 
(www.osha.gov/SLTC/asbestos) / (www.osha.gov/SLTC/asbestos/standards.html) 
 Occupational Exposure to Asbestos (Construction Industry Standard) 29CFR1926.1101. 


(1994). Regulations for: Permissible Exposure Limits of 0.1 f/cc over a full shift (8 hr  time-
weighted average) and short-term exposure limit of 1.0 f/ml for 30 minutes; employee 
exposure monitoring for compliance with the PELs; work practices for friable and non-friable 
ACM; respiratory protection; worker decontamination and hygiene facilities; notification of 
employees and other employers of employees; medical surveillance; record-keeping and 
training.  


 OSHA Method ID 160 Asbestos in Air (1994). Phase Contrast Microscopy method similar to 
NIOSH 7400 


Ontario Ministry of Labour (Canada) 
(www.e-laws.gov.on.ca/DBLaws/Source/Regs/English/2005/R05278_e.htm)  
 Ontario regulation 278/05 Designated Substance — asbestos on construction projects and in 


buildings and repair operations (2005). Regulations covering: respiratory protection and work 
procedures; inspections for asbestos; management of friable and non-friable asbestos; advance 
written notice; asbestos bulk sampling and analysis; glove bag requirements and procedures; 
negative air enclosures; and clearance air testing requirements (0.01 f/cc by Phase Contrast 
Microscopy). 


WorkSafe British Columbia (Canada) 
(www2.worksafebc.com/publications/OHSRegulation/Part6.asp) 
 Part 6 Substance Specific Requirements: Asbestos. Regulations covering: identification of 


asbestos-containing materials; substitution with non-asbestos materials; worker training; 
exposure monitoring; containment and ventilation of work areas; work practices; 
decontamination; respirators and protective clothing. 


Republic of South Africa, Department of Labour (www.acts.co.za/ohs/index.htm - type 
‘asbestos’ in search box) 
 Occupational Health and Safety Act, 1993; Asbestos Regulations, 2001.Regulations covering: 


notification; assessment and control of exposure; Occupational Exposure Limit of  0.2 f/cc - 4 
hr TWA measured by Phase Contrast Microscopy; training; air monitoring; medical 
surveillance; non-employee exposure; respirators, personal protective equipment and facilities; 
asbestos building materials including asbestos cement sheeting and related products; disposal. 


 


  



http://www.e-laws.gov.on.ca/DBLaws/Source/Regs/English/2005/R05278_e.htm

http://www.acts.co.za/ohs/index.htm
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APPENDIX 4. SOME ALTERNATIVES TO ASBESTOS-CONTAINING PRODUCTS 
 
Asbestos product Substitute products 
Asbestos-cement  
corrugated roofing 


Fiber-cement roofing using synthetic fibers (polyvinyl alcohol, 
polypropylene) and vegetable/cellulose fibers (softwood kraft pulp, 
bamboo, sisal, coir, rattan shavings and tobacco stalks, etc.); with 
optional silica fume, fly ash, or rice husk ash.  
 
Microconcrete (Parry) tiles; galvanized metal sheets; clay tiles; vegetable 
fibers in asphalt; slate; coated metal tiles (Harveytile); aluminum roof 
tiles (Dekra Tile); extruded uPVC roofing sheets; recycled polypropylene 
and high-density polyethylene and crushed stone (Worldroof); plastic 
coated aluminum; plastic coated galvanized steel.  


Asbestos-cement 
flat sheet (ceilings, 
facades, partitions) 


Fiber-cement using vegetable/cellulose fibers (see above), wastepaper, 
optionally synthetic fibers; gypsum ceiling boards (BHP Gypsum); 
polystyrene ceilings, cornices, and partitions; façade applications in 
polystyrene structural walls (coated with plaster); aluminum cladding 
(Alucabond); brick; galvanized frame with plaster-board or calcium 
silicate board facing; softwood frame with plasterboard or calcium 
silicate board facing. 


Asbestos-cement 
pipe 


High pressure: Cast iron and ductile iron pipe; high-density polyethylene 
pipe; polyvinyl chloride pipe; steel-reinforced concrete pipe (large sizes); 
glass-reinforced polyester pipe. 
 
Low pressure: Cellulose-cement pipe; cellulose/PVA fiber-cement pipe; 
clay pipe; glass-reinforced polyester pipe; steel-reinforced concrete pipe 
(large diameter drainage). 


Asbestos-cement 
water storage tanks 


Cellulose-cement; polyethylene; fiberglass; steel; galvanized iron; PVA-
cellulose fiber-cement 


Asbestos-cement 
rainwater gutters; 
open drains (mining 
industry) 


Galvanized iron; aluminum; hand-molded cellulose-cement; PVC  
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APPENDIX 5.  CONSIDERATIONS FOR WORKING WITH ASBESTOS MATERIALS IN 
EXISTING STRUCTURES 
 
A. Evaluation of alternatives 
 
1.  Determine if the project could include the installation, replacement, maintenance or 
demolition of: 
• Roofing, siding, ducts or wallboard 
• Thermal insulation on pipes, boilers, and ducts 
• Plaster or fireproofing  
• Resilient flooring materials 
• Other potentially asbestos-containing materials  
 
2.  If the use of asbestos-containing materials (ACM) has been anticipated for new construction 
or renovation, provide information about alternative non-asbestos materials and their availability. 
For new construction, determine the expected difference for the entire project—on initial and 
operating costs, employment, quality, expected service life, and other factors—using alternatives 
to ACM (including consideration of the need for imported raw materials). 
  
3.  In many cases, it can be presumed that ACM are part of the existing infrastructure that must 
be disturbed.  If there is a need to analyze samples of existing material to see if it contains 
asbestos, provide information on how and where can that be arranged.  
 
4. Once the presence of ACM in the existing infrastructure has been presumed or confirmed and 
their disturbance is shown to be unavoidable, incorporate the following requirements in tenders 
for construction work in compliance with applicable laws and regulations. 
 
B. Understanding the regulatory framework 
 
1.  Review the host country laws and regulations and the international obligations it may have 
entered into (e.g., ILO, Basel conventions) for controlling worker and environmental exposure to 
asbestos in construction work and waste disposal where ACM are present. Determine how the 
qualifications of contractors and workers who maintain and remove ACM are established, 
measured, and enforced. 
 
2. Determine whether licensing and permitting of the work by authorities is required. 
 
3. Review how removed ACM are to be disposed of to minimize the potential for pollution, 
scavenging, and reuse. 
 
4. Incorporate the following requirements in tenders involving removal, repair, and disposal of 
ACM.  
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C. Considerations and possible operational requirements related to works involving 
asbestos 
 
1. Contractor qualification 
   
• Require that contractors demonstrate having experience and capability to observe 


international good practice standards with asbestos, including training of workers and 
supervisors, possession of (or means of access to) adequate equipment and supplies for the 
scope of envisioned works, and a record of compliance with regulations on previous work. 


 
2. Related to the technical requirements for the works
 
• Require that the removal, repair, and disposal of ACM shall be carried out in a way that 


minimizes worker and community asbestos exposure, and require the selected contractor to 
develop and submit a plan, subject to the engineer’s acceptance, before doing so. 


 
• Describe the work in detail in plans and specifications prepared for the specific site and 


project, including but not limited to the following: 
- Containment of interior areas where removal will occur in a negative pressure enclosure;  
- Protection of walls, floors, and other surfaces with plastic sheeting; 
- Construction of decontamination facilities for workers and equipment; 
- Removing the ACM using wet methods, and promptly placing the material in 
impermeable containers; 
- Final clean-up with special vacuums and dismantling of the enclosure and 
decontamination facilities; 
- Disposal of the removed ACM and contaminated materials in an approved landfill;29 
- Inspection and air monitoring as the work progresses, as well as final air sampling for 
clearance, by an entity independent of the contractor removing the ACM. 
 


• Other requirements for specific types of ACM, configurations and characteristics of buildings 
or facilities, and other factors affecting the work shall be enumerated in the plans and 
specifications. Applicable regulations and consensus standards shall be specifically 
enumerated. 


 
3. Related to the contract clauses30


  
• Require that the selected contractor provide adequate protection to its personnel handling 


asbestos, including respirators and disposable clothing. 
                                                 
29 Alternative guidance for circumstances where approved landfills are not available for disposal of hazardous 
substances, such as asbestos, guidance is provided in the EHS General Guideline, reference above as well as in the 
Guideline on Waste Management Facilities. 
http://www.ifc.org/ifcext/sustainability.nsf/AttachmentsByTitle/gui_EHSGuidelines2007_WasteManagement/$FIL
E/Final+-+Waste+Management+Facilities.pdf 
30 Standard contract clauses for asbestos work exist but are too extensive for this short note. To view an example, the 
U.S. National Institute of Building Sciences “Asbestos Abatement and Management in Buildings: Model Guide 
Specification” has a complete set – in copyright form – and the clauses and instructions for using them fill a two-
inch binder. 
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• Require that the selected contractor notifies the relevant authorities of the removal and 


disposal according to applicable regulations as indicated in the technical requirements and 
cooperates fully with representatives of the relevant agency during all inspections and 
inquiries. 


 
4.  Related to training and capacity building 
 
• Determine whether specialist industrial hygiene expertise should be hired to assure that local 


contractors learn about and apply proper protective measures in work with ACM in existing 
structures.  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Originator: World Bank, Operations Policy and Country Services
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EXECUTIVE SUMMARY


Purpose and Overview
Natural and synthetic fibrous materials are widely used in


construction, industrial applications, and biomedical devices, as
well as in consumer products. Fibrous materials are chemically
and structurally diverse; however, for regulatory purposes, fibers
are defined on the basis of their size and shape (aspect ratio
≥3:1, length ≥5 µm, and width ≤3 µm). Widely varied natural


and synthetic fibers are currently in commercial use or under
development, suggesting the need to understand the potential
for adverse health effects if respirable fibers were released dur-
ing production or application. In contrast to asbestos or synthetic
vitreous fibers, other types of fibers have not been systematically
assessed for carcinogenicity using lifetime rodent inhalation
assays because these tests are technically demanding, expen-
sive, and require large numbers of animals.
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In 1996, the U.S. Environmental Protection Agency (EPA)
added a “respirable fibers” category to the list of priority sub-
stances to be investigated for human health effects and exposure
testing. In 2000 the U.S. EPA requested its FIFRA Scientific
Advisory Panel to provide a peer review of current chronic car-
cinogenicity assays. The panel concluded that an updated as-
sessment of the utility of short-term assays could greatly assist
in prioritizing fibers for chronic assays.


This report summarizes the evaluation of short-term assays
for fiber toxicity and carcinogenicity formulated by an expert
working group convened by the ILSI Risk Science Institute.
The objectives of the working group were:


1. To summarize the current state of the science on short-term
assay systems for assessing potential fiber toxicity and car-
cinogenicity.


2. To offer insights and perspectives on the strengths and limi-
tations of the various methods and approaches.


3. To consider how the available methods might be combined in
a testing strategy to assess the likelihood that particular fibers
may present a hazard and therefore may require further (e.g.,
long-term) testing for regulatory evaluation.


Health Effects of Fibers
Several types of pleural and parenchymal lung disease are as-


sociated with inhalation of asbestos fibers. Asbestos and erionite
fibers have been classified by the International Agency for Re-
search on Cancer (IARC) as carcinogenic for humans; refractory
ceramic fibers and some special purpose glass microfibers have
been classified by IARC as possible human carcinogens. Rodent
models have proven to be appropriate surrogates for humans in
reproducing the lung diseases associated with asbestos expo-
sure. Although there are important anatomic and physiological
differences that must be considered in extrapolating data from
rodent models to humans, a lifetime chronic rodent inhalation
study is considered to be the standard assay for assessing fiber
carcinogenicity. Well-designed chronic rodent inhalation studies
have been reported for a series of silica-based synthetic vitreous
fibers (SVFs) and for a limited number of other types of fibers.


Respirability (the fraction of inhaled fibers reaching the alve-
olar region) is an important aspect of fiber pathogenicity. Res-
pirability is determined by the aerodynamic diameter of the fiber,
which is a function of diameter, length, and density. Surface
charge and hydrophilicity, as well as adsorbed finishes and other
physical and chemical factors, determine whether fibers can be
easily dispersed or will agglomerate into larger, nonrespirable
masses.


For respirable fibers tested in rodent bioassays, the dose, di-
mensions, durability in the lung, and in some cases surface re-
activity of the fibers have been identified as critical parameters
related to adverse health effects. Fiber length is hypothesized to
be a major determinant of pathogenicity: Fibers that are too long
to be completely phagocytized by macrophages are cleared less
efficiently. If fibers are not rapidly leached or broken down in the
lungs, long fibers have the potential to interact with other target


cells in the lungs or be translocated to the interstitium or the
pleura where they may cause disease. In chronic rodent inhala-
tion studies, fibers that persisted in the lungs caused sustained
inflammation and fibrosis. These pathologic endpoints were as-
sociated in most cases with the development of lung cancer or
mesotheliomas in rodents after 1–2 yr. For SVFs, fiber length,
diameter, and chemical composition are major determinants of
biopersistence. Some organic fibers may also be degraded enzy-
matically in the lungs; however, there have been few studies of
biopersistence of natural or synthetic organic fibers in rodents
or humans.


Additional properties that have been linked to fiber toxicity,
especially for natural crystalline fibers such as asbestos, include
free radical generation, mobilization of transition metals, acqui-
sition of iron, ferritin, or other proteins in the lungs, and surface
hydrophilicity/hydrophobicity. At this time, no single physico-
chemical property or mechanism has been defined that can be
used to predict carcinogenicity of all fiber types.


Current Testing Methods
Current short-term testing methods, defined as 3 mo or less


in exposure duration, evaluate a number of endpoints that are
considered relevant for lung diseases induced by fibers such as
asbestos. Fiber durability can be estimated based on chemical
composition and in vitro acellular or cellular dissolution
assays. Biopersistence can be measured in short-term inhalation
or intratracheal instillation studies. A variety of toxicologic
endpoints can be measured in short-term, in vitro cellular assays
(e.g., oxidant stress, release of proinflammatory mediators,
genotoxicity). However, these in vitro cellular assays are not
well standardized, and nonbiopersistent fibers may produce
false positive results. Subchronic studies to assess biomarkers
of lung injury (e.g., persistent inflammation, cell proliferation,
fibrosis) are considered to be more predictive of carcinogenic
potential. New approaches based on genomics and proteomics,
and assays using genetically engineered mice may eventually
lead to more sensitive, reproducible, validated assays to screen
for potentially pathogenic fibers.


Proposed Testing Strategy for Prioritizing Fibers
for Chronic Testing


The existing database of fiber toxicity studies strongly sug-
gests that human exposure to respirable fibers that are biopersis-
tent in the lung or induce significant and persistent pulmonary
inflammation, cell proliferation, or fibrosis should be viewed
with concern. The proposed testing strategy, using short-term
assays to distinguish between fibers that are unlikely to present
a hazard and those that may require further testing for regulatory
evaluation, is based on this knowledge.


The proposed strategy has three fundamental components:
preparation and characterization of an appropriate fiber sample,
testing for biopersistence in vivo, and assessment of toxicologic
endpoints in a subchronic rodent study.


1. Preparation and characterization of fiber test sample: The
first step in short-term (or chronic) testing strategies is
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derivation and characterization of a sample of long, respirable
fibers from the bulk material for testing. The chemical com-
position, crystallinity and fracture habit, and size distribution
of the bulk material and the size distribution and airborne con-
centrations of the fibers to which people are, or may be, ex-
posed should be determined in the baseline characterization
of the product. The sample of fibers to be tested should be res-
pirable by the rodent species (preferably rat) with a significant
proportion of fibers greater than 20 µm in length, at the same
time reflecting the characteristics of fibers to which humans
are exposed. The preparation of an appropriate fiber test sam-
ple is a critical and often challenging first step in fiber testing.


2. Testing for biopersistence in vivo: Biopersistence can be
measured in a separate short-term rodent study (e.g., 5-day
inhalation exposure), or in the subchronic rodent inhalation
toxicity study by including subgroups for assessment of lung
fiber burden after a 5-day exposure, at exposure termination
(1–3 mo), and at the end of the postexposure recovery
period. Standardized protocols, such as those developed
in the European Union, are essential to obtain reliable and
reproducible values for regulatory use. Fiber durability has
been estimated by computer-based and in vitro methods, but
these methods are not yet considered sufficiently robust for
regulatory classification of fibers.


3. Assessment of toxicologic endpoints in a subchronic rodent
study: The cornerstone of the testing strategy is a subchronic
study in rodents (preferably rats), evaluating a range of
toxicologic endpoints. The inhalation exposure route (at least
1 mo and preferably 3 mo exposure duration) is preferred,
but intratracheal instillation is acceptable under certain con-
ditions. Typically, a subchronic study will include at least
two or three exposure concentrations, unexposed controls,
and, periodically, controls exposed to other benchmark
fibers (positive and negative). In a subchronic inhalation
study, one exposure concentration of the test material should
contain at least 150 fibers/cm3 of fibers >20 µm in length. A
recovery group should be included that, after termination of
exposures, is held unexposed for at least 3 mo to determine
if exposure-related effects persist. Key parameters to be
evaluated in the subchronic study include lung weight and
fiber burden, bronchoalveolar lavage (BAL) profile, cell
proliferation, fibrosis, and histopathology. Other parameters
may be added, depending on the fiber type.


The validity and utility of this testing strategy are well sup-
ported by the existing database for SVFs and asbestos fibers. For
other fibers, an early indication of biological activity and poten-
tial hazard may be obtained using other short-term assays that,
due to their technical limitations and lack of standardization,
are not routinely included in the basic testing strategy. Partic-
ularly for non-SVF fibers (e.g., crystalline and surface-treated
inorganic fibers), physicochemical assays for surface area and
reactivity and short-term, in vitro cellular toxicologic assays may
be useful to screen samples of fibers being considered for subse-


quent in vivo assays. Relatively few studies have been conducted
on organic fibers that would permit an assessment of the appli-
cability of specific short-term assay methods and the proposed
testing strategy to this class of fibers.


1. PURPOSE
Natural and synthetic fibers are a group of substances of po-


tential toxicological and public health concern. While many of
these fibers have wide industrial and commercial applications,
information regarding their potential impact on human health is
often limited. As a result, a “respirable fibers” category has been
added to the priority substances for health effects and exposure
testing (U.S. EPA, 1996).


A workshop on chronic inhalation toxicity and carcinogenic-
ity testing of respirable fibrous particles was cosponsored by the
U.S. EPA National Institute of Environmental, Health Sciences
(NIEHS), National Institute for Occupational Safety and Health
(NIOSH), and Occupational Safety and Health Administration
(OSHA) in 1995 (Vu et al., 1996). At that workshop, a number
of short-term in vitro and in vivo assays were discussed that may
be useful in assessing the relative potential of respirable fibers
to cause lung effects. More recently, in September 2000, the
U.S. EPA requested that the FIFRA Scientific Advisory Panel
(SAP) provide a scientific peer review of its proposed guideline
for evaluating the chronic toxicity and carcinogenic potential of
fibers. Among the SAP’s comments was a recommendation to
update the state-of-the-science on short-term assay systems that
might be available to assist in prioritizing fibers for testing and
to inform the design of long-term studies.


In spring 2003 the ILSI Risk Science Institute (RSI) con-
vened an expert working group to review and evaluate the avail-
able short-term assay systems for assessing fiber toxicity and
carcinogenic potential. Short-term assay systems are important,
at least in part, because the costs of carrying out chronic tests
on all new and existing fibers are prohibitive. In addition, short-
term assays may help to minimize the use of animals in toxicity
testing. The objectives of the working group were:


1. To summarize the current state of the science on short-term
assay systems for assessing potential fiber toxicity and car-
cinogenicity.


2. To offer insights and perspectives on the strengths and limi-
tations of the various methods and approaches.


3. To consider how the available methods might be combined
in a testing strategy to assess the likelihood that particular
fibers may present a hazard and therefore may be candidates
for further (e.g., long-term) testing.


This article, the product of the working group, provides an
update of the state of the science and offers insights on the
strengths and limitations of various approaches that may predict
the long-term toxicity and carcinogenicity of respirable fibers.
The strategy put forward is intended to describe the appropriate
use of a combination of tiered short-term assays in assessing the
potential for fiber toxicity and carcinogenicity and in prioritizing
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fibers for long-term testing. It should facilitate delineation of
fibers into those that are unlikely to present a hazard and those
that warrant further investigation.


The existing data regarding fiber toxicity and carcinogenicity
are based on chronic rodent assays using natural or synthetic in-
organic fibers. The common endpoints used in these assays are
biochemical markers of acute toxicity, persistent inflammation,
fibrosis, and induction of lung cancer or malignant mesothe-
lioma. Organic fibers may produce similar pathogenic effects,
although very few organic fibers have been evaluated in chronic
rodent assays. In addition, organic fibers have the potential to
induce hypersensitivity or adaptive immune responses in the
lungs. Evaluation of potential immunogenicity of organic fibers
requires a different testing strategy than the short-term assays for
toxicity and carcinogenity that will be presented in this article.


2. BACKGROUND
Fibers are useful and valuable materials for industrial and


construction purposes and are in widespread use. However, the
production and use of fibers and materials containing fibers pro-
duces the potential for release of respirable fibers that can be
inhaled and could have adverse effects. Those exposed to as-
bestos represent by far the greatest population exposed to any
respirable fiber type, and asbestos is still in use in huge amounts


FIG. 1. Representative classification of fibers.


throughout the world. Following the epidemic of disease that
arose from the mining and use of asbestos in the mid to late 20th
century, there has been considerable growth and development in
the use of other fiber types, both man-made and natural.


Fibers comprise a chemically and structurally heterogeneous
group of materials that are defined on a regulatory basis by
their shape. The World Health Organization (WHO, 1985) and
NIOSH (1994) define fibers as particles with the following di-
mensions: length >5 µm, width <3 µm, aspect ratio >3:1. This
definition is not health based and takes no account of compo-
sition, which is a key factor in understanding differences in the
pathogenicity of fibers. [Note also that the standard phase con-
trast optical microscopy (PCOM) method has a limit of detection
of approximately 0.3 µm; fibers thinner than this can only be
detected by electron microscopy.] Respirable fibers are those
that can reach the alveolar region upon inhalation.


The broad range of fiber types in use and the continued devel-
opment of new fiber types with new properties are a challenge
for the regulatory toxicology community. Figure 1 outlines some
of the different fiber types that have been considered for their
health effects; the list is not exhaustive but intends to demonstrate
the heterogeneity of fiber types that are available. The shaded
area of Figure 1 encompasses the group of fiber types known as
silica-based synthetic vitreous fibers (SVFs). SVFs, also called
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man-made vitreous fibers (MMVFs) or manufactured vitreous
fibers (MVFs), are noncrystalline (vitreous) materials manufac-
tured primarily from glass, rock, minerals, slag, and processed
inorganic oxides. The range of chemical and physical properties
of SVFs, their production methods, and their uses have been
summarized recently (IARC, 2002).


3. HEALTH EFFECTS OF FIBERS
Several types of pleural and parenchymal lung disease are


associated with inhalation of asbestos fibers (Table 1). Animal
models have proven to be appropriate surrogates for humans
for defining the various disease entities associated with asbestos
exposure. For many of these diseases, there is a correlation be-
tween the type of asbestos exposure, the intensity and duration
of exposure, and the severity of the disease. Pleural plaques and
fibrosis (including pleural pseudotumors or rounded atelectasis)
are markers of asbestos exposure but are not causally related to
lung cancer or diffuse malignant mesothelioma. Fibrotic scar-
ring of the pleura or lung parenchyma is a nonspecific reaction to
chronic inflammation or trauma; however, bilateral, symmetri-
cal pleural plaques usually indicate occupational or environmen-
tal exposure to asbestos fibers or erionite (Travis et al., 2002).
Asbestosis or diffuse interstitial fibrosis may progress after ces-
sation of exposure and is considered a risk factor for develop-
ment of lung cancer by some investigators (Churg & Green,
1998) but not by others (Nelson & Kelsey, 2002). The inci-
dence of lung cancer is greatly increased in cigarette smokers
or ex-smokers who are also exposed to asbestos fibers. Diffuse
malignant mesothelioma arising in the pleura or peritoneum oc-
curs less frequently and after a longer latency period than pleural
fibrosis or asbestosis; it can develop in the absence of asbesto-
sis or cigarette smoking and occurs more frequently in people
exposed to amphibole asbestos fibers or erionite. The associa-
tion between asbestos exposure and carcinoma of the larynx or
gastrointestinal tract is controversial (Churg & Green, 1998).


TABLE 1
Diseases associated with exposure to asbestos fibers


Animal
Disease Human models


Nonneoplastic pleural changes
Pleural effusion + +
Visceral pleural fibrosis + +
Parietal pleural plaques + +


Asbestosis (diffuse interstitial fibrosis) + +
Carcinoma of the lung + +
Malignant mesothelioma of the pleura + +


and peritoneum
Gastrointestinal carcinoma +/− +/−


Note. Adapted from Churg and Green (1998), animal data from
Hesterberg et al. (1993), Mast et al. (1995), McConnell (1994), and
McConnell et al. (1999). +/−, Conflicting reports.


An unusual form of interstitial pulmonary response that may
have an immunopathological component has been described in
workers exposed to nylon flock fibers (Warheit et al., 2001a;
Kern et al., 2000).


Crocidolite, chrysotile, tremolite, amosite, actinolite, and an-
thophyllite asbestos have been evaluated by IARC as proven
(Group 1) human carcinogens (IARC, 1987). IARC has also
evaluated glass wool, continuous glass filament rock wool/stone
wool and slag wool (IARC, 2002), para-aramid fibrils, and wol-
lastonite fibers (IARC, 1997) as having inadequate evidence of
carcinogenicity in humans (Group 3) but has classified refractory
ceramic fibers and special-purpose glass fibers (such as E-glass
microfibers) as possible human carcinogens (Group 2B) (IARC,
2002) (Table 2).


Glass wools and rock/slag wools have shown no carcinogenic
effects in humans or rodents but inflammatory effects have been
documented at high exposure. Refractory ceramic fibers (RCFs)
have produced lung cancer and mesotheliomas in rats, and RCF
has also produced mesotheliomas in hamsters. There are also
reports of pleural plaques in some human populations exposed
to RCFs, but no mesotheliomas have been reported.


In addition to fibers that have been evaluated by IARC, sil-
icon carbide whiskers have induced lung tumors after inhala-
tion in rats (Lapin et al., 1991; Miller et al., 1999). Induction
of mesothelioma was observed after intrapleural inoculation
(Johnson & Hahn, 1996), and after intraperitoneal injection a
high incidence of abdominal mesotheliomas was observed (Pott
et al., 1991). The pulmonary response after intratracheal instil-
lation in Fischer rats showed chronic inflammation and the de-
velopment of pulmonary granulomas in a study up to 18 mo
(Vaughan et al., 1993). An excess risk of lung cancer was ob-
served in a study in the Norwegian silicon carbide industry,
although other potentially carcinogenic dusts may have con-
tributed (Romundstad et al., 2001). Also, 3-mo aerosol expo-
sures to potassium octatitanate fibers produced pleural mesothe-
liomas in a few hamsters at 18 mo postexposure (Lee et al.,
1981).


The pathologic reactions associated with inhalation of weakly
toxic dusts (e.g., silicates) include dust macules and small air-
way fibrosis in both humans and animals. Nodular or diffuse
interstitial fibrosis that may extend to the visceral pleura is char-
acteristic of highly toxic dusts or fibers (e.g., crystalline sil-
ica, asbestos). Foreign-body granulomas are characteristic of
pneumoconiosis induced by silicates; rarely, these granulomas
may coalesce to nodular or diffuse fibrosis. Foreign-body giant
cells are occasionally seen in association with asbestos bod-
ies (Churg & Green, 1998). In general, the pathologic changes
characteristic of silicate pneumoconiosis (e.g., from talc not
contaminated with asbestos fibers) are less severe than asbesto-
sis, and these minerals are not classified as known or possi-
ble human carcinogens (Table 2). Rat inhalation studies using
amosite or chrysotile asbestos fibers in combination with crys-
talline silica or titanium dioxide appeared to enhance transloca-
tion of fibers to the pleura and produced more mesotheliomas
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TABLE 2
IARC evaluations of fibers


Fiber Overall evaluation Group


Asbestos (actinolite,
amosite, anthophyllite,
chrysotile, crocidolite,
tremolite)


Carcinogenic to
humans


Group 1


Erionite Carcinogenic to
humans


Group 1


Refractory ceramic fibers Possibly carcinogenic
to humans


Group 2B


Special purpose glass
fibers (e.g., E-glass
microfibers)


Possibly carcinogenic
to humans


Group 2B


Glass wool Not classifiable as to
their carcinogenicity
to humans


Group 3


Continuous glass
filament


Not classifiable as to
their carcinogenicity
to humans


Group 3


Rock (stone) wool Not classifiable as to
their carcinogenicity
to humans


Group 3


Slag wool Not classifiable as to
their carcinogenicity
to humans


Group 3


para-Aramid Not classifiable as to
their carcinogenicity
to humans


Group 3


Wollastonite Not classifiable as to
their carcinogenicity
to humans


Group 3


Palygorskite (attapulgite)
Long fibers (>5 µm) Possibly carcinogenic Group 2B
Short fibers (<5 µm) Not classifiable Group 3


Sepiolite Not classifiable Group 3


Note. Data from IARC (1987, 1997, 2002).


than amosite or chrysotile asbestos alone (reviewed by Davis,
1996).


Organic Fibers. Occupational exposure to natural organic
fibers, such as cotton, flax, hemp, and cellulose, has been doc-
umented. Exposure to cotton or flax dusts has been associated
with airway obstruction, airway hyperreactivity, and declines
in cross-shift dynamic lung volumes (Merchant et al., 1972;
Jacobs et al., 1993). The etiologic agent in these dusts appears
to be endotoxin rather than the natural organic fibers themselves
(Castellan et al., 1984, 1987). Indeed, animal inhalation expo-
sure to endotoxin-free cellulose appears to cause minimal pul-
monary response (Fischer et al., 1986). Pulmonary fibrosis is
not a common consequence of cotton dust exposure (Rylander


et al., 1987), and cotton textile workers exposed to cotton dust
have a lower than normal incidence of lung cancer (Lange,
1988).


Synthetic organic fibers (SOFs) have been produced for over
50 yr. Although some chemicals used in the production of these
fiber types have been investigated for adverse health effects in
occupationally exposed people there is a limited toxicological
database regarding the pulmonary effects of inhaled SOF dust.
This stems, in large part, from two perceptions: (1) Occupational
exposures to airborne SOFs are generally very low; (2) SOF
dust in the workplace was assumed to be nonrespirable (i.e.,
not small enough to deposit in the distal (gas exchange) regions
of the lung). Thus, it was assumed that occupational exposures
to respirable SOFs were not of concern. However, as SOFs are
being adapted for an increasing variety of applications, thin-
ner fibers are being produced, and newer processing techniques
(such as chopping or flocking) have resulted in significant lev-
els of respirable airborne dust and, in some cases, pulmonary
disease.


For example, nylon flock worker’s lung is an interstitial
inflammatory disease characterized by a prominent lympho-
cytic infiltrate and lymphoid follicles with germinal centers sur-
rounding bronchioles and alveolar ducts (Eschenbacher et al.,
1999).


In contrast, asbestosis is characterized by patchy interstitial
fibrosis that is more severe in the subpleural areas of the lower
lobes and accompanied by a mild lymphocytic infiltrate in most
cases (Travis et al., 2002). Organic fibers may trigger adaptive
immune or hypersensitivity responses in susceptible or sensitive
human populations (Eschenbacher et al., 1999).


Because much is known about the determinants of biologi-
cal activity of silicate fiber types, and relatively little is known
about the activity of SOFs, it is tempting to assume that what has
been learned about the former also applies to the latter. How-
ever, it is important to recognize that the following questions
remain unanswered for SOFs: Do the three D’s—dose, dimen-
sion, and durability (see section 5.1)—apply to SOFs? Are other
factors that are less important for SVF toxicology of greater
importance in determining the biological activity of SOFs—
such as surface area, chemical composition, surface activity,
hydrophilicity/hydrophobicity, antigenicity, and adsorbed fin-
ishes, dyes, and other additives? Are the pulmonary responses
to SOFs similar to inorganic fiber types (i.e., activation of signal
transduction pathways and cytotoxic factors upon cell-contact
with fibers, macrophage responses and lung inflammation; in
some cases fibrosis, and cancer)? Are the cellular and molec-
ular responses to SOFs qualitatively different from those of
silicate fiber types? Have immunological considerations been
adequately evaluated?


Respirability of fibers is primarily determined by aerody-
namic diameter, which is in turn determined by size, shape,
and density. SOFs are less dense and can be more curly than
SVFs. Furthermore, SOFs tend to have charged surfaces. This
creates challenges for air sample collection, as the charged
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fibers tend to adhere to the sides of air sample collection
devices.


4. PROPOSED MECHANISMS OF FIBROGENIC AND
CARCINOGENIC EFFECTS


Pathogenicity of fibers is a complex issue that depends
on multiple factors, including fiber dimensions; these factors
are discussed in depth in section 5.3. Fibers have an aerody-
namic diameter that is 1.5 to 3 times their actual diameter de-
pending on their density and length (Oberdorster, 1996), and
even very long fibers can penetrate deeply into the lungs, pro-
vided that they are thin. Long, thin fibers can penetrate be-
yond the ciliated airways to where they present the alveolar
macrophage system with problems of effective phagocytosis and
clearance. Slow clearance of long biopersistent fibers is well
documented (Coin et al., 1994; Hesterberg et al., 1998a; Searl
et al., 1999). Short fibers can be effectively phagocytosed by
macrophages, but under high exposure conditions short biop-
ersistent fibers can overload clearance mechanisms and may
be pathogenic. Macrophages have difficulty completely engulf-
ing long fibers and frustrated or partial phagocytosis can re-
sult in chronic stimulation of the macrophages and failure of
clearance. Fibers that penetrate beyond the ciliated airways
can interact with local target cells or translocate to other sites,
especially to the interstitium and the pleura, causing inflam-
mation and fibrosis that are potentially important processes in
carcinogenesis.


Several mechanisms have been proposed for the fibrogenic
and carcinogenic effects of fibers (Tables 3 and 4). Most of
these mechanistic studies have used inorganic, crystalline fibers,


TABLE 3
Direct mechanisms of asbestos fiber carcinogenesis


Mechanism Experimental end-points References


Genotoxic Oxidized bases Chao et al. (1996); Fung et al. (1997)
DNA breaks Reviewed in Jaurand (1996)
Aneuploidy Reviewed in Jaurand (1996); Jensen et al.


(1996)
Mutations Park and Aust (1998)
Deletions Reviewed in Hei et al. (2000)


Nongenotoxic
Mitogenic Target cell proliferation BéruBé et al. (1996); Goldberg et al. (1997)


Binding to or activation of
surface receptors


Boylan et al. (1995); Pache et al. (1998)


Growth factor expression Liu et al. (1996); Brody et al. (1997)
Activation of signaling


pathways
Reviewed in Mossman et al. (1997);


Manning et al. (2002)
Cytotoxic Apoptosis Broaddus et al. (1996); Goldberg et al.


(1997); Levresse et al. (1997)
Necrosis Reviewed in Kane (1996)


Note. Adapted from IARC (1999).


TABLE 4
Indirect mechanisms of asbestos fiber carcinogenesis


Mechanisms References


Cofactor with cigarette smoke Reviewed in Kane (1996);
Lee et al. (1998); Nelson
and Kelsey (2002)


Cofactor with SV40 virus Reviewed in Gazdar et al.
(2002)


Persistent inflammation with
secondary genotoxicity


Vallyathan and Shi (1997)


Persistent inflammation with
release of cytokines and
growth factors


Reviewed in Brody et al.
(1997)


Note. Adapted from IARC (1999).


and whether these same mechanisms operate for all fibers is
unknown.


4.1. Direct Effects
4.1.1. Fiber-Derived Free Radicals Damage DNA


There is abundant evidence that asbestos fibers (Hardy &
Aust, 1995) and some synthetic fiber types (Gilmour et al., 1997;
Donaldson et al., 1996; Pezerat et al., 1989) can generate free
radicals by different mechanisms, including hydroxyl radical,
by Fenton chemistry. It is hypothesized that these radicals can
form DNA adducts such as 8-hydroxy-deoxyguanosine (8-OH-
DG) (Hardy & Aust, 1995; Fubini & Otero-Arean, 1999) that
are misrepaired giving rise to mutations. This could potentially
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occur in any target cell that made contact with the fiber. As-
bestos has been reported to cause mutations resulting from
large deletions ranging in size from a few thousand to several
million base pairs (Hei et al., 1995). Asbestos has also been
reported to cause direct transformation of cells in vitro that
developed through sequential steps, including altered growth
kinetics, resistance to serum-induced terminal differentiation,
and anchorage-independent growth, and were finally tumori-
genic in nude mice (Hei et al., 2000).


Recent in vivo studies have confirmed some of these in vitro
genotoxicity endpoints. For example, lipid (Ghio et al., 1997)
and hydroxyl radicals have been measured after intratracheal
instillation of asbestos fibers in rat lungs (Schapira et al., 1994).
Two independent studies have found increased mutation fre-
quency at the lacI reporter gene locus in response to crocidolite
asbestos after inhalation (Rihn et al., 2000) or intraperitoneal
injection (Unfried et al., 2002). The latter study also found in-
creased levels of 8-OH-dG in DNA extracted from omentum
after intraperitoneal injection of crocidolite asbestos fibers in
rats.


4.1.2. Fibers Interfere With Mitosis
Fibers have been reported to directly interact with the mi-


totic spindle and chromosomes during mitosis (Hesterberg et al.,
1985) in in vitro studies. This could lead to aneuploidy, poly-
ploidy, binucleate cells, and micronucleus formation (Kane,
1996; Dopp et al., 1995; Ault et al., 1995), all of which are
relevant for carcinogenesis as confirmed by the fact that these
changes have been found in cell lines derived from human and
animal mesotheliomas (reviewed in Kane, 1996).


4.1.3. Fibers Directly Stimulate Proliferation of Target Cells
Several studies have demonstrated the ability of asbestos


fibers to stimulate cell proliferation. This has been demonstrated
following in vitro exposure of tracheobronchial epithelial cells
(Sesko et al., 1990), fibroblasts (Lasky et al., 1996), and pleu-
ral mesothelial cells (Heintz et al., 1993). Proliferation has also
been observed following in vivo exposure in the mesothelial
(Adamson et al., 1993) and airspace epithelial compartments
(Brody et al., 1987). Several mechanisms have been identified
for the proliferative effects of fibers: direct activation of growth
factor receptors, increased expression of growth factors, activa-
tion of intracellular signaling pathways, and compensatory cell
proliferation in response to apoptosis or necrosis (summarized
in Table 3).


4.2. Indirect Effects
4.2.1. Asbestos and Cigarette Smoke


Epidemiological evidence suggests that cigarette smoking
and asbestos produce a multiplicative risk for lung cancer (Kjuss
et al., 1986). Asbestos has a high surface area that may fa-
cilitate adsorption of carcinogens (Lakowicz et al., 1980) and


their delivery to tissues that they might not otherwise reach.
Several studies have demonstrated that polycyclic aromatic hy-
drocarbons (PAHs) bind to fibers (Lakowicz & Bevan, 1979)
and are then made available to microsomes, where they can
be activated (Kandaswami & O’Brien, 1983). PAHs and as-
bestos together were more potent in causing squamous metapla-
sia in vitro than either substance alone (Mossman et al., 1984).
Oxidants released from inflammatory cells or directly catalyzed
by fibers may exacerbate tissue injury and regeneration trig-
gered by cigarette smoke. Asbestos fibers have been proposed
to enhance chromosomal instability and mutations in the K-ras
oncogene and the p53 tumor suppressor gene in cigarette smok-
ers (reviewed in Nelson & Kelsey, 2002). Alternatively, genetic
or acquired alterations in DNA repair pathways may contribute
to the increased risk of lung cancer in cigarette smokers or ex-
smokers exposed to asbestos fibers (Hu et al., 2002; Hartwig,
2002).


4.2.2. SV40 Virus and Malignant Mesothelioma
SV40 virus has been proposed as a cofactor with asbestos in


the induction of malignant mesothelioma in humans but is highly
controversial (reviewed in Gazdar et al., 2002). SV40 virus has
also been found in spontaneous human osteosarcomas, as well as
in brain and pituitary tumors. Millions of people who received
polio vaccines in the 1950s and 1960s were inadvertently ex-
posed to SV40 virus, and it has been proposed that the virus is
transmitted vertically. SV40 viral T-antigen has been detected
in 60–80% of human malignant mesothelioma samples and cell
lines, although the sensitivity and specificity of this association
is currently controversial.


4.2.3. Fibers Provoke a Chronic Inflammatory Reaction
Leading to the Prolonged Release of Reactive
Species (ROS/RNS), Cytokines, and Growth Factors


Macrophages phagocytosing long fibers can be damaged
or can release mediators that cause inflammation, such as cy-
tokines, or those that cause bystander tissue damage, such as ox-
idants and proteases. Increased macrophage stimulatory or cyto-
toxic activity of long fibers has been demonstrated in vitro using
a range of fiber types (Brown et al., 1986), long and short amosite
asbestos fibers (Donaldson et al., 1992), and size-fractionated
glass fiber preparations (Ye et al., 1999). Ineffective phago-
cytosis and clearance of long fibers may also result in fibers
interacting with epithelial cells for protracted periods, which
could stimulate them to release proinflammatory chemokines
(Luster & Simeonova, 1998). Macrophages and polymorphonu-
clear leukocytes (PMN) recruited to the lungs can release an
array of oxidants and mitogens that could cause proliferation
(Robledo et al., 2000) and produce adducts, oxidized bases,
single- and double-strand breaks, and DNA cross-links (Driscoll
et al., 1997). These lesions are potentially mutagenic if they are
not accurately repaired.
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Inhalation of asbestos or erionite fibers at high doses in
humans causes diffuse interstitial fibrosis or asbestosis that is
usually more prominent in the lower lobes of the lungs. This
fibrotic reaction develops slowly but progressively, beginning
10 yr after the initial exposure. It is hypothesized that oxidants
and proteases released from alveolar macrophages activated by
phagocytosis of fibers damage the alveolar epithelial lining. In
addition, fibers may become translocated across the damaged
epithelium into the interstitium of the alveolar walls. This injury
can be repaired by a combination of epithelial regeneration by
Type II alveolar cells plus proliferation of fibroblasts with colla-
gen deposition in the interstitium. Upregulation of growth-factor
expression has been observed at sites of asbestos fiber deposi-
tion in rat lungs: Platelet-derived growth factor (PDGF) and
transforming growth factor (TGF)-β are hypothesized to trig-
ger fibroblast proliferation and collagen synthesis, respectively,
while TGF-α is mitogenic for alveolar epithelial cells (reviewed
in Brody et al., 1997). Fibers also translocate to the pleural space
following inhalation and accumulate near lymphatic openings
on the parietal pleura and the dome of the diaphragm (Boutin
et al., 1996); these are the anatomical sites where fibrotic or
calcified pleural plaques develop. Pleural plaques are consid-
ered as a marker of prior asbestos exposure; they can occur
even in the absence of asbestosis. Diffuse fibrosis of the vis-
ceral pleura can also occur, usually following repeated episodes
of pleural effusion that is also called benign asbestos pleurisy.
It is hypothesized that asbestos-induced pleural effusions are
caused by release of chemokines such as interleukin (IL)-8
from mesothelial cells (Boylan et al., 1992). Pleural fibrosis
and pleural plaques are hypothesized to develop after injury to
mesothelial cells and destruction of the basement membranes.
This injury is then repaired by mesothelial and submesothelial
cell proliferation and deposition of collagen (Davila & Crouch,
1993).


Recent experimental evidence based on animal models has
provided new insight about the mechanistic basis for the associa-
tion of chronic inflammation and fibrosis with cancer (Coussens
& Werb, 2003). Recruitment and activation of inflammatory
cells in response to persistent infection or asbestos fibers are
accompanied by release of reactive oxygen and nitrogen species


FIG. 2. Airborne fibers and host interactions.


that could damage DNA, induce oxidant stress, and lead to mu-
tations. Chronic inflammation is frequently accompanied by in-
creased epithelial cell turnover and type II cell hyperplasia in
the lung (Travis et al., 2002). Cytokines and growth factors de-
rived from inflammatory cells may contribute to proliferation
of preneoplastic cells; proteases released from activated stromal
cells may increase extracellular matrix turnover and facilitate
invasion of tumor cells (Tlsty, 2001).


5. CHEMICAL AND PHYSICAL CHARACTERISTICS
OF FIBERS POTENTIALLY RELEVANT TO HEALTH
EFFECTS


5.1. Introduction
Not all fibers, as defined by the WHO/NIOSH, are of equal


pathogenic potency. The likelihood that any airborne fiber sam-
ple will cause pathogenic effects depends on the crystallinity
and chemical composition of the fibers—which covers a wide
variety types (Figure 1)—and on their diameter, length and biop-
ersistence.


For an evaluation of the interactions of airborne fibers inhaled
by humans, it is useful to consider exposure–dose-response rela-
tionships (Figure 2). The term exposure should not be confused
with dose: The former can be expressed as an airborne concen-
tration (fiber number/cm3; µg/m3), whereas the latter refers to
the amount of fibers actually retained in the different regions
of the respiratory tract. Figure 2 shows specific parameters as-
sociated with exposure with respect to the sources, physico-
chemical properties, concentrations of fibers, and activities of
humans. The dose retained after inhalation of fibers depends on
the deposition and clearance/retention of the fibers, which can
be expressed as number, surface area, or mass (dose metric), and
the dimension of the fibers in terms of their lengths and diame-
ters. Ensuing responses, conditioned by individual susceptibili-
ties, include inflammatory, fibrotic, and carcinogenic endpoints,
with the last consisting of lung tumors and mesotheliomas. The
following paragraphs focus on the dose parameters outlined in
Figure 2, since they are of importance for hazard identification
and risk assessment. Dose, dimension and durability (the three
“D’s”) of fibers are the most important parameters for many
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fiber types, including SVFs, and are part of the individual fac-
tors shown in Figure 2.


5.2. Deposition of Inhaled Fibers
The main deposition mechanisms of inhaled fibers—like


those for spherical particles—include impaction (when there
are abrupt directional changes in the airways), sedimentation
(due to settling of airborne fibers by gravitational forces), and
diffusion (due to the movement of surrounding air molecules
[Brownian motion]). Although the first two mechanisms apply
to larger particles with aerodynamic diameters >∼0.5 µm, the
third mechanism, diffusion, becomes increasingly more impor-
tant for very small fibers with aerodynamic diameters equivalent
to unit density spherical particles <0.5 µm in diameter. A fourth
mechanism affects mainly longer fibers, that is, deposition via
interception when the ends of the fiber moving in an airstream
contact airway walls resulting in deposition of the fiber. This
mechanism results in an effective filtration of long fibers in the
nose, which is an important factor limiting the respirability of
long fibers in rodents as obligatory nose breathers.


When rodents and humans are exposed to the same concen-
tration of fibers of the same size distribution, the dose depositing
in their respective lower respiratory tracts will be quite differ-
ent since fiber respirability differs significantly between these
two species. Respirability is defined as the fraction of inhaled
fibers reaching the alveolar region. Although qualitatively the
shape of fiber deposition curves in the lung are similar between
rats and humans, the aerodynamic diameters of both fibrous and
nonfibrous particles that will reach the alveolar structures of the
rodent and human lung are very different. There is a theoretical
upper limit aerodynamic diameter of ∼3 µm for fibers reaching
the centriacinar region in the rat lung and ∼6 µm in the human
lung (Dai & Yu, 1998; Oberdorster, 1996).


5.3. Aerodynamic Diameter and Fiber Dimensions
The parameter “aerodynamic diameter” is very important


when describing the movement and deposition efficiency of
inhaled fibrous and nonfibrous particles. For any particle, the
aerodynamic diameter of an irregularly shaped particle is equiv-
alent to the geometric diameter of a sphere of unit density that
has the same terminal settling velocity in still air as the par-
ticle in question. With respect to fibers, this relationship be-
tween geometric diameter and aerodynamic diameter depends
on both fiber diameter and fiber length, whereby the diameter
has a much greater influence. Specific density of the fiber plays
a role as well. Aerodynamic principles of particle deposition in
the lungs predict that thicker, higher density fibers will be less
respirable and either will not enter the lower respiratory tract
or will deposit in the upper airways to be effectively cleared by
the mucociliary escalator. A fiber with a diameter of 3 µm is
classified as a regulated fiber by WHO/NIOSH but would de-
posit with very low efficiency in the region of the human lung
beyond the ciliated airways, as the deposition curves show that
this fiber is at the borders of respirability. This contrasts with


fibers of 0.1 µm aerodynamic diameter that deposit with opti-
mal (around 50%) efficiency; similar considerations apply in the
rat (Oberdorster, 1996). Density affects aerodynamic diameter
but has not been considered as an important variable, since the
most studied fibers, asbestos and the SVFs, have a density that
is 2–3 g/cm3; however, organic fibers may have densities of less
than 1 g/cm3, which would increase their respirability.


Stanton, using implantation of fibers into the rat pleura, and
Pott, using intraperitoneal injection, identified that very short
fibers were less pathogenic as measured by their ability to cause
“pleural sarcomas” or peritoneal mesothelioma. Stanton also
suggested that fibers longer than about 8 µm were more car-
cinogenic than shorter fibers (Stanton et al., 1981). Davis and
coworkers demonstrated that long fiber amosite was highly car-
cinogenic by inhalation and that the same mass exposure to
a preparation of the same fibers, dramatically shortened by
milling, produced virtually no tumors or fibrosis (Davis et al.,
1986); however, subsequent studies showed some surface dif-
ferences between the original and the ground material (Gilmour
et al., 1995; Hill et al., 1995). Muhle et al. (1987) also found
short-fiber crocidolite not to be carcinogenic after inhalation. A
range of fibers of different composition were studied for their
ability to cause pathology in the Swiss RCC studies, and analysis
of these data indicated that extent of biopersistence and propor-
tion of fibers longer than 20 µm were the best descriptors of the
ability of any inhaled fiber preparation to cause tumors in rats
(Bernstein et al., 2001a, 2001b). In Scotland the Colt fiber pro-
gram analyzed the RCC data plus data from their own studies
with different fibers and came to the same conclusion (Miller
et al., 1999). In further confirmation of the role of fiber length,
inhalation studies by the National Institute of Environmental
Health Sciences (National Institutes of Health, NIH) showed
that a long-fiber chrysotile asbestos sample was carcinogenic
(McConnell et al., 1984), whereas the same mass concentra-
tion of short-fiber-length chrysotile was not (Ilgren & Chatfield,
1998).


5.4. Clearance of Deposited Fibers
In general, the dose of an inhaled compound retained in the


respiratory tract at any time is equivalent to the deposited dose
minus the amount cleared. For poorly soluble compounds, in-
cluding fibers, several physiological clearance mechanisms con-
tribute to their elimination from lung, which include (Figure 3):


• Movement by the mucociliary escalator in the nose and
tracheobronchial region.


• Phagocytosis by alveolar macrophages in the alveo-
lar region (this is limited to fibers that can be phago-
cytized by macrophages, i.e., long fibers are not sub-
jected to this clearance mechanism; in rats the normal
macrophage-mediated clearance of poorly soluble par-
ticles of low cytotoxicity occurs with a retention half-
time of about 70 days, whereas in humans this retention
halftime is between 400 and 700 days).
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FIG. 3. Biopersistence of a fiber.


• Interstitial translocation of deposited fibers, including
translocation to the pleural sites, which appears to be
more efficient for short fibers (Gelzleichter et al., 1999).


• Clearance via lymphatic channels once fibers have
reached the interstitium (this pathway also is limited by
size with a maximal fiber length of ∼9 µm; Oberdörster
et al., 1988).


In addition to these physiological clearance mechanisms, spe-
cific physicochemical processes (leaching, dissolution, break-
age) will also contribute to the elimination of fibers, and to-
gether these mechanisms define the biopersistence of a fiber in
the respiratory tract (see section 5.5).


With respect to defining a threshold of fiber length below
which fibers are less pathogenic, it is hypothesized that phago-
cytosis by alveolar macrophages is a decisive factor. Fibers de-
posited in the lung that are too long to be completely phagocy-
tized by alveolar macrophages are less likely to be cleared out of
the alveolar compartment unless they are biosoluble. Thus, they
can interact with epithelial cells, may become interstitialized,
and are more likely to be transported to pleural sites than short
fibers which are readily phagocytized by alveolar macrophages.
A limiting factor for alveolar macrophage phagocytosis is the
diameter of the macrophages in the alveolar space, and respec-
tive values have been reported to range between 10.5 and 13 µm
for the rat and between 14 and 21 µm for humans (Crapo et al.,
1983; Lum et al., 1983; Stone et al., 1992; Sebring & Lehnert,
1992; Krombach et al., 1997). This size limitation for effec-
tive macrophage-mediated clearance has to be considered when


extrapolating from rodent fiber inhalation studies to humans.
Although these numbers should not imply that fibers longer
than the diameter of a macrophage cannot be phagocytized—
alveolar macrophages certainly can phagocytize fibers longer
than their diameter by adapting their shape—they indicate those
fiber length categories that may be most pathogenic. The concept
of long fiber pathogenicity has been emphasized by regulatory
agencies (e.g., EC Directive on Classification of Synthetic Vitre-
ous Silicate Fibers) and at scientific meetings (Vu et al., 1996).
Primarily, fibers longer than approximately 15 µm in length
should be considered with respect to a tumorigenic potential, and
special attention should be given to their determination in ani-
mal studies evaluating biopersistence of newly developed fibers.
It appears, however, that for noncancer endpoints the number of
all fibers should be considered, since even completely phago-
cytized fibers result in activation of alveolar macrophages and
will contribute to an increase in the degree of an inflammatory
response.


5.5. Biopersistence
The Existing Database. A fiber is biopersistent when it re-


mains in the lungs despite physiological clearance, translocation
and dissolution/breakage. Most of our knowledge of the role of
biopersistence as it relates to the process of carcinogenesis is
based on a number of large studies where a range of fibers were
tested in animal studies, principally the RCC studies, but also
the IOM/Colt studies (see Table 5). Most of the fibers studied
were noncrystalline SVFs, with asbestos as a positive control.
Thus, the database on the links between in vitro biopersistence,
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TABLE 5
General scheme relating biopersistence and pathogenicity of natural and synthetic fibers in chronic rodent


inhalation assays


Persistent Lung
Fiber type Biopersistence inflammation Fibrosis cancer Mesothelioma


Chrysotile asbestos +/− + + + +
Crocidolite asbestos + + + + +
Amosite asbestos + + + + +
Refractory ceramic fiber (RCF1) + + + + +
Special-purpose glass fibers (e.g., E-glass microfibers) + + + + +
Rock (stone) wool +/− +/− +/− − −
Glass wool − − − − −
Slag wool − − − − −
Wollastonite − − − − −
para-Aramid fibrils − +/− +/− − −


Note. Specific fiber chemical compositions may fall into different categories depending on their individual characteristics. From McConnell
et al. (1984, 1991; McConnell, 1994), Warheit (1995), Bernstein et al. (2001a), and IARC (2002).


in vivo biopersistence, and pathologic effects is derived from
this limited class of silica-based synthetic vitreous fibers. The
extent to which this understanding of biopersistence that we
have gained for these fibers is generalizable to other fibers (e.g.
organic fibers, crystalline fibers, nonoxide fibers) is not known,
and more research is needed before we use the same paradigm
for these other fiber types.


The Effects of the Lung Milieu on Fibers. Fibers vary in
their structural response to residence in the milieu of the lung.
The chemical structure of some fibers renders them wholly or
partially soluble, and such fibers are likely to either dissolve
completely, or dissolve until they are sufficiently weakened fo-
cally to undergo breakage into shorter fibers. Short fibers are
then likely to undergo successful phagocytosis and clearance by
the macrophage system (Figure 4).


Fiber dissolution in the lung could occur both intracellu-
larly and extracellularly. In either scenario there is a decrease


FIG. 4. Disposition and fate of fibers in the lung.


in the number of long fibers. Chrysotile asbestos contains a
“Brucite” layer of magnesium hydroxide in its “carpet roll”
structure, and this readily leaches, contributing to the relatively
lower biopersistence of chrysotile (Morgan, 1997) compared
to the amphiboles, which have no such leachable weak point
in their structure. Studies with man-made fibers have identi-
fied that biopersistence is a major factor in determining the
ability to cause pathological effects in animals in long-term
studies (Hesterberg et al., 1998a, 1998b; Miller et al., 1999;
Oberdorster, 2000). In vivo (Bellmann & Muhle, 1994; Muhle
& Bellmann, 1995) and in vitro (Hesterberg et al., 2002) as-
says have been developed to predict long-term in vivo bioper-
sistence. However, in vitro assays do not subject the fibers to the
full spectrum of influences that could determine biopersistence
in the lungs and are better described as measures of durability
that can be used to extrapolate biodurability and biopersistence.
Nevertheless, in the absence of other information, these assays
may indicate whether a given fiber is likely to cause disease if
inhaled.


Some organic fibers appear to also be susceptible to degrada-
tion through an enzymatic mechanism (Hesterberg et al., 2000).
There is little data available on the biopersistence of other or-
ganic fibers. In one study the durability of cellulose fibers in rat
lungs was investigated and the cellulose fibers were found to
be more biopersistent than ceramic fibers (Muhle et al., 1997).
Inhalation studies with p-aramid respirable-sized, fiber-shaped
particulates (RFP) have demonstrated that the respirable fibers
that deposit in the alveolar regions of the lung are biodegraded
(shortened) prior to rapid clearance (Warheit et al., 1992). In
addition, in a 4-wk inhalation study in rats with Nylon RFP
(mean length, 9.8µm; mean diameter, 1.6µm), lung clearance of
Nylon RFP was rapid, beginning 1 mo postexposure and through
the 12-mo postexposure period (Warheit et al., 2003).
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5.6. Chemical Composition
Surface Reactivity. Surface composition regulates fiber up-


take, protein adsorption, free radical generation, and release of
metallic ions, which are processes implied in the pathogenic
mechanisms elicited (reviewed in Fubini et al., 1998). Most pub-
lished studies have dealt with crystalline fibers such as asbestos,
and fewer studies have dealt with the activity of amorphous
fibers.


The presence of iron at the fiber surface plays a crucial role
in most of the above processes (Hardy & Aust, 1995; Keeling
et al., 1994; Kamp & Weitzman, 1999). Iron may be an integral
constituent in the chemical composition of the fibers, as in most
amphibole asbestos and in slag and rock wools, may be present as
substitute of similar ions (Mg2+ in chrysotile asbestos), or may
be an impurity acquired from the environment or endogenously
(reviewed in Fubini & Otero-Arean, 1999).


Free Radical Generation. Mineral fibers may generate free
radicals and reactive oxygen species (ROS) in cell-free mod-
els and ROS and reactive nitrogen species (RNS) in vitro cell
cultures. Weitzman and Graceffa (1984) were the first to re-
port a consistent release of ·OH from various asbestos types
in cell free systems. Fiber-generated and cell-generated reactive
species may subsequently react; for example, the radical species
O·−


2 and NO, yielding peroxynitrite (OONO· -) or O·−
2 and also


free oxygen and H2O2 yielding the hydroxyl radical (·OH) in the
presence of transition metal ions (Halliwell & Gutteridge, 1986;
Fubini et al., 1998). This free radical is a highly reactive species,
capable of causing, among other deleterious effects, DNA dam-
age, protein oxidation, and lipid peroxidation (Hardy & Aust,
1995; Kamp & Weitzman, 1999; Aust & Eveleigh, 1999).


At least three different mechanisms of surface-generated free
radicals may take place, each one triggered by a different type
of active surface site (see Box 1):


1. Fenton chemistry (Fe2+ in presence of H2O2 yields ·OH).
2. Haber–Weiss cycle (in the absence of H2O2 and Fe2+, en-


dogenous reductants allow progressive reduction of atmo-
spheric oxygen to ·OH).


3. Homolytic rupture of a carbon–hydrogen bond in biomo-
lecules, with formation of a carbon-centered radical.


While mechanism 1 is relevant only in biological compartments
where H2O2 is present, mechanisms 2 and 3 may occur ubiq-
uitously. Traces of iron are sufficient to trigger mechanism 1
on most mineral fibers, and radical yield is unrelated to the
amount of surface iron (Fubini et al., 1995; Fubini & Mollo,


1) Fe(II)(surface) + H2O2 →Fe(III) + OH−+ ·OH
2) Reductant + Fe(III)(surface) → oxidized reductant + Fe (II)


Fe (II) + O2 → Fe (III) + O·−
2


O·−
2 + 2H+ + e− → H2O2


Fe(II) + H2O2 → Fe(III) + OH− + ·OH
3) −C–H + X(surface site or free radical) → −C· + HX


BOX. 1. Mechanisms of fiber-generated free radicals.


1995). Chrysotile and some mineral fibers with low iron content
exhibit, in fact, a radical-generating potential close to that of
the amphiboles. Mechanism 2 is active in most asbestos forms,
provided ferrous iron is present (Pézerat et al., 1989; Hardy &
Aust, 1995; Fubini et al., 1995; Fubini & Mollo, 1995; Gulumian
et al., 1999) and in some cases correlates with DNA base hydrox-
ylation (Nejjari et al., 1993). The surface sites involved in this
reaction, however—few isolated and poorly coordinated iron
ions—become inactive following surface modifications brought
about by thermal treatments (Fenoglio et al., 2001; Tomatis et al.,
2002a) or chelating agents (Martra et al., 2003). Mechanism 3
either may be directly triggered by surface sites or may be the
effect of the reaction of a short-lived radical, for example, ·OH,
with the target molecule. For all mechanisms there is now con-
siderable evidence that not all iron species are equally bioactive
(Gulumian et al., 1993a, 1993b, 1999; Fenoglio et al., 2001;
Martra et al., 2003), while powdered iron oxides are fully in-
active (Costa et al., 1989; Fubini et al., 1995; Fubini & Mollo,
1995). Amphibole asbestos samples heated up to 400◦C in air
(Tomatis et al., 2002a) or selectively deprived of ferrous iron
(Fubini et al.,1995) lose their potential for mechanisms 2 and 3,
but retain reactivity for mechanism 1, as long as their crystal
structure is preserved (Tomatis et al., 2002a).


Iron Removal or Deposition. Iron may be removed in sub-
stantial amounts from asbestos by endogenous chelators. DNA
single-strand breaks (SSBs) were related to the extent of iron
removed from the fibers (reviewed by Hardy & Aust, 1995). In-
duction of DNA SSBs decreases in crocidolite deprived of iron
by desferrioxamine (Chao & Aust, 1995). Iron depleted cro-
cidolite undergoes a progressive amorphization of the external
layers (Mollo et al., 1994) and disruption of its crystal structure
(Prandi et al., 2002), suggesting strong chelators as possible de-
contaminating agents.


Comparing various natural and artificial fibers (amosite and
crocidolite asbestos, refractory ceramic fibers [RCFs], SVFs),
there was a poor correlation of the ability to cause oxidative
DNA damage in vitro with iron release (Gilmour et al., 1995).
Moreover iron-enriched crocidolite did not increase SSBs in
DNA, but more iron was removable by chelators (Hardy & Aust,
1995b). DNA damage appears thus more related to the potential
of fibers to generate free radicals than to their mobilizable or
bulk iron content. On variously heated amosite and crocidolite,
Fenton chemistry (mechanism 1) correlates with supercoiled
DNA damage better than mechanisms 2 and 3 (Otero Aréan
et al., 2001, Tomatis et al., 2002a).


Deposition of iron causes conflicting effects, likely related to
the thickness and the chemical nature of the deposited layer. Iron
deposition increased the ability to induce DNA damage in iron-
deprived crocidolite (Hardy & Aust, 1995b) and erionite (Eborn
& Aust, 1995), and in larger amounts caused “detoxification”
of crocidolite (Gulumian et al., 1993b) and reduced cytotoxicity
and morphological transformation of embryo cells by ceramic
fibers (Elias et al., 2002). Iron supplementation inhibited cro-
cidolite stimulation of nitric oxide synthase (NOS) activity and
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expression in glial and alveolar murine macrophages (Aldieri
et al., 2001).


Ferritin, a component of ferruginous bodies (Churg &
Warnock, 1981), is strongly adsorbed on amosite and croci-
dolite asbestos (Fubini et al., 1997). In agreement with the
increased DNA damage found for amosite-core asbestos bod-
ies when compared to the effect produced by the naked fiber
(Lund et al., 1994), ferritin-covered amosite caused, with traces
of ascorbic acid, enhanced radical damage to DNA (Otero Areàn
et al., 1999). In contrast, iron-enriched crocidolite fibers ex vivo
showed a decrement in oxidant generation (Ghio et al., 1997).


Fiber Coating and Protein Adsorption. The bioactivity of
an inhaled fiber may be influenced by the adsorption of pro-
teins and lipids from the fluid lining the respiratory tract, and
in vitro the following effects are seen. Immunoglobulin G en-
hanced the macrophage response to chrysotile but not to croci-
dolite, because of the opposite surface charge of the two fiber
types (Scheule & Holian, 1990). Vitronectin, but not fibronectin
or other proteins, increased crocidolite fibers internalization by
mesothelial cells (Boylan et al., 1995). Opsonization with im-
munoglobulin enhanced stimulation of macrophages by long
but not by short amosite fibers (Hill et al., 1995). In spite of
the higher surface area of short fibers relative to the long ones,
the long ones adsorbed threefold more immunoglobulin than the
short ones. Incubation of chrysotile asbestos in dipalmitoylphos-
phatidylcholine (DPPC, a major component of pulmonary sur-
factant) suppressed membranolysis, but genotoxic effects were
either unaffected or only partially decreased, depending on fiber
length (Lu et al., 1994). In another study (Brown et al., 1998a),
when crocidolite asbestos or a range of SVFs was coated with
immunoglobulin G (IgG) or lung surfactant, there were distinct
fiber-specific effects. Coating with IgG enhanced the ability of
asbestos, silicon carbide, refractory ceramic, and glass wool
fibers to stimulate an oxidative burst but had no effect on heated
refractory ceramic fibers or special-purpose glass fibers in this
regard. In contrast, coating with surfactant inhibited the ability
of all fibers to stimulate an oxidative burst.


Surface Hydrophilicity/Hydrophobicity. The degree of sur-
face hydrophilicity/hydrophobicity regulates cell surface adhe-
sion, protein denaturation, and uptake of endogenous molecules
(Fubini et al., 1998). Heating silica-based materials progres-
sively converts hydrophilic surfaces into hydrophobic ones.
Heated ceramic fibers showed less affinity for the surface of
V79-4 cells and a lower toxicity toward these cells and toward
macrophage-like cells (Brown et al., 1992). RCF3 (from the
TIMA bank) heated for 24 h at 800◦C became fully hydropho-
bic and much less cytotoxic and transforming than the original
ones (Tomatis et al., 2002b)


Chemical Composition and Pathogenicity. Chemical com-
position affects both surface reactivity and biopersistence and
thus is a determinant of fiber pathogenicity. Studies with silica-
based vitreous artificial fibers (SVFs) tend to suggest that all of
the variability in the experimental pathogenicity of respirable
fibers can be explained by three factors: dose, biopersistence,


and length. However, in many cases composition clearly plays a
more complex role. The combinations of several surface prop-
erties (e.g., reactive transition metals, hydrophilicity, reactivity
toward protein and peptides), in fact, and not one single feature,
determine pathogenicity for many fibers (Fubini et al., 1998;
Fubini & Otero Arean, 1999). For example, erionite, a fi-
brous form of zeolite, was almost 100% effective in producing
mesotheliomas in the rat by inhalation at high concentrations
(Wagner et al., 1985) yet was not especially long (about 2%
longer than 20 µm). Davis et al. (1996) also reported on a sample
of silicon carbide fibers that was exceptionally active in causing
mesotheliomas following inhalation exposure at high concen-
trations, but again was not especially long (about 10% longer
than 20 µm). Silicon carbide fibers showed a very marked ability
to stimulate the release of tumor necrosis factor (TNF)-α from
macrophages (Fisher et al., 2000) but did not appear to operate
through oxidative stress mechanisms (Brown et al., 1998b) and
were low in bioavailable iron (Fisher et al., 1998). Erionite may
be able to accumulate biological iron in reactive form (Eborn &
Ault, 1995). While new experimental data are required to corre-
late each surface property to a given biological response, there is
currently no single physicochemical parameter that can be used
to predict carcinogenicity for all fiber classes. Surface features
reported to play a role in the overall biological outcome also
should be considered.


6. TESTING METHODS
Conducting chronic inhalation studies in rodents for every


new fiber introduced into commerce is not practical, considering
the large number of fibers that are continually being developed
and proposed for use. These studies are very costly (>$4 million
for a single fiber), typically use hundreds of animals, take more
than 3 yr to accomplish, require sophisticated exposure facilities,
and are technically difficult. Therefore, it is incumbent on the
scientific community to identify shorter, simpler assays that are
adequately predictive.


Short-term assays are defined here as those that are 3 mo or
less and should be aimed at both cancer and noncancer end-
points. Based on an understanding of the mechanisms of lung
disease caused by fibers, it may be possible to define a tiered
system that allows investment in the testing process to be min-
imized by allocating fibers to predicted low, medium, or high
hazard categories, at any stage. Several such tiered strategies
have been suggested previously (Meldrum, 2002; Fubini et al.,
1998; Vu et al., 1996; Brochard & Bignon, 1995; McClellan
et al., 1992). In deriving a tiered strategy, it is important to rec-
ognize the limitations of the available assays. Many of the tests
are unvalidated and have been used with only a few fibers of
limited specific type, have not been validated against animal or
human study results, and have not been studied in mixed dust
exposures, such as invariably occur in workplaces.


The report of the 1995 U.S. EPA workshop on testing of
fibers (Vu et al., 1996) stated: “In this workshop the expert panel
concluded that at present no single assay or battery of short-term
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assays can predict the outcome of a chronic inhalation bioassay
with respect to carcinogenic effects” (p. 211). The situation is
somewhat changed 9 yr later, at the time of writing of the present
document, due to the accumulation of data demonstrating the
importance of biopersistence. The Vu et al. report identified three
tiers of testing:


Tier 1. Evaluation of the physicochemical properties of the
fibers.


Tier 2. In vitro tests.
Tier 3. Short-term in vivo tests.


6.1. Deriving a Sample for Testing
The starting point in deriving a sample for testing in such a


tiered approach (Figure 4) is the current dominant hypothesis
for the mechanism of fiber-mediated lung injury and disease,
namely, that it is the long, respirable, biopersistent fibers that
are the most pathogenic. It is important to point out that the
tests envisaged are tests for hazard identification. There will not
necessarily be data on exposure assessment, and the approach
can be seen as a “worst-case scenario”—that is, the testing of
samples enriched for long fibers at high exposures, when the
human experience may be characterized by very much lower
exposures.


Based on what is known from the silica-based synthetic vitre-
ous fiber paradigm, the initial step should involve the preparation
of a sample of long, respirable fibers (if there is potential for ex-
posure to such fibers during the life cycle of the product) in
order to avoid false negatives from the use of samples that are
short. In the RCC studies (Bernstein et al., 2001a, 2001b) the
starting point was fibers that had a mean length of 20 µm and
that had a diameter less than 3 µm. If short fibers were to be
used in the screening test, then this could produce a false nega-
tive since length is known to be an important factor in dictating
pathogenicity.


The U.S. EPA guideline for chronic testing of respirable fi-
brous particles recommends the following:


To maximize sensitivity of animal inhalation exposure studies
to health effects of fibers, the test material should consist of rat-
respirable fibers which should be enriched with the most potent frac-
tion of long, thin fibers or fibers with high aspect ratios. As far as
is technically feasible, the aerosol should be cleaned up from non-
fibrous particles. The aerosol should be characterized in terms of
fiber and non-fiber/particle size and number; fiber number should
be expressed by total fibers and by fiber length, e.g., WHO fibers
(greater than 5 µm in length), fibers greater than 10, 15 and 20 µm
in length. If enriching the test aerosol with long, thin fibers is not
feasible, the reasons should be clearly stated and justified, and the
enrichment should be for the longest fibers or fibers with the highest
aspect ratios available. The aerosolized fibers should be discharged
to Boltzmann equilibrium before being delivered to the test species.
(U.S. EPA, 2001, p. 4)


For the investigation of the biopersistence of fibers it is essen-
tial that the diameter also is clearly defined. The European Union
(EU) recommends that fibers used in biopersistence tests should


have a geometric mean diameter as close to 0.8 µm as possi-
ble and longer than 20 µm if technically feasible (EU, 1997).
The geometric mean diameter of those fibers longer than 5 µm
should be as close to 0.6 µm as possible, if technically feasible.
In addition, for studies involving the evaluation of any patholog-
ical endpoints, the number and size distribution of fibers should
be similar. Of particular importance as well is that the number
of nonfibrous particles should also be comparable between fiber
samples. For the aerodynamic sizing of the fibers, bulk materials
without binder should be used because the binder material can
lead to an enrichment of the granular binder particles.


Therefore the starting point should be a system for deriving
a sample of fibers with the dimensions described above if they
are relevant to the exposure scenario. A long respirable fiber
sample should then be used in the tests for biological activity.
Since dissolution in vitro is not based on assessing long fibers, it
does not necessarily require preparation of a long fiber sample.


Because the average diameter of most bulk fiber materials
is greater than 10 µm, extensive size separation procedures are
necessary to isolate the long respirable fiber fraction. For ex-
ample, it typically requires processing of 1000 kg of bulk fiber
to obtain 10 kg of fiber with average dimensions of 1 µm ×
20 µm. It should also be borne in mind that short fibers and
granular fragments could make a contribution to adverse non-
cancer effects (Bellmann et al., 2001), so nonfibrous particles
should be kept to a minimum in the test sample. There may be
a case for enriching for long fibers but ensuring that there is a
short fiber component, as this more closely mimics the work-
place exposure and the short fibers are likely to impact on a
different compartment of the lung (overload/clearance/toxicity)
from that of the long fibers.


Preparation of synthetic organic fiber (SOF) samples for toxi-
city testing has its own unique challenges. Because the diameters
of most organic fiber types are too large to be rat respirable, sig-
nificant efforts are often necessary to derive an appropriate sam-
ple of rat-respirable fibers for testing. Moreover, a new nomen-
clature has been established for respirable SOFs (referred to as
RFP, respirable-sized fiber-shaped particulates) to distinguish
them from the nonrespirable forms. Three examples demon-
strate the complexity of generating samples for testing:


1. In order to conduct a study with p-aramid RFP, a sample of
p-aramid pulp (containing <40% respirable fibers) was ex-
tensively processed in a pulping operation for several weeks.


2. Similarly, to conduct a 4-wk inhalation study with Nylon
RFP in rats, the test substance, supplied as white, 18-denier,
trilobal chopped and ground fibers, was washed (to remove
fiber-finishes), dried, and cut in a flocking plant to (a) sim-
ulate exposures to workers in the flocking industry and
(b) generate respirable samples of fibrous Nylon. It should
be noted that in order to conduct a 4-wk inhalation study
with respirable Nylon RFP aerosols, a small fraction, only
<10% of the original starting material (1000 lb), ultimately
was used for the inhalation studies, requiring more than a
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year of technical effort for Nylon processing. Moreover, the
ratio of WHO fibers to nonfibrous particulate in the sample
was 1:10–20. Although this was an unintended consequence
of the fiber preparation, this ratio better simulated the occu-
pational environment in the flocking plants.


3. Recently, a new organic fiber type was supplied for a prelimi-
nary pulmonary bioassay toxicity screen. This nonrespirable
SOF type (which was supplied on a spool) has never been uti-
lized commercially; thus, the nature of future occupational
exposures is unclear. After initial processing in a pulping
operation, the fiber preparation has been subjected to a va-
riety of additional processing strategies in order to obtain a
“respirable sample” that can be utilized in an intratracheal
instillation pulmonary bioassay study.


To summarize, the silica-based vitreous fiber paradigm for
preparing a respirable fiber sample may not be relevant for pro-
cessing and preparing synthetic organic fibers for toxicology
tests (Warheit et al., 1992, 2001a, 2002).


6.2. Benchmark or Control Fibers
It is desirable that benchmark fiber samples be utilized in


these tests wherever possible to serve as positive and negative
controls. It may not be necessary for a given institution to in-
clude positive and negative controls in every study, as this would
add considerably to cost, and recent historical data may suffice.
A rational benchmark fiber panel would consist of a bioper-
sistent fiber (vitreous or long amphibole) and a biosoluble fiber
(e.g., MMVF34); these should be prepared according to the same
guidelines for length and respirability and should be tested in
parallel with the test samples. The dimensions (length and di-
ameter bivariate distribution) of the control fibers should be as
close as possible to the dimensions of the fibers to be tested;
deposited lung burdens should match those of the test fibers in
terms of fiber sizes and fiber number concentrations. This may
require adjustment of the inhaled concentration if the aerody-
namic properties of the control fibers and of the test fiber differ
significantly (e.g., difference in specific density). The amount of
nonfibrous particles should be similar in control and test fibers.


A further example of benchmarking may occur when newer
fiber types are used that may cause novel types of adverse ef-
fects. It is, for example, possible to envisage an organic fiber
causing immunopathological effects. In this case the adverse ef-
fect should be benchmarked and a relevant control utilised that
produces the same adverse effect. For example, if extrinsic al-
lergic alveolitis were suspected to be caused by an organic fiber,
then a suitable control inhaled allergen (e.g., ovalbumin) in a
suitable regimen should be utilized.


[At the present time, no benchmark organic fiber types are
available to serve as controls for organic fiber studies.]


6.3. Physicochemical Characterization
Any new fiber type should be characterized before in vitro


and in vivo testing. The following recommendation for testing


strategy is partly drawn from the ECVAM Workshop Report
Number 30 (Fubini et al., 1998).


Characterization of Fibers as Received (Bulk)
Where applicable, fiber samples for in vitro and instillation


studies and starting material for inhalation studies should be
examined to evaluate the following features:


• Chemical composition of the bulk (inductively coupled
plasma–mass spectroscopy, ICP-MS).


• Crystallinity (x-ray diffractometry [XRD] or transmis-
sion electron microscopy [TEM]).


• Specific surface (BET method).
• Morphology of fibers (TEM/SEM).
• Chemical composition of outmost layers (SEM/TEM


+ EDS [electron dispersion analysis]).


Wetability and the presence of binders should also be assessed:
Care should be taken that before any test the fibers are:


• Washed and stored in a clean environment.
• Mildly sonicated to avoid agglomeration (high-energy


sonication may activate chemical bonds).
• With cell culture tests, the cell growth medium should


not contain quenchers of radicals or ion chelators.


Characterization of Fibers in Aerosol for Inhalation Studies
For inhalation studies of biopersistence or for short-term stud-


ies of biological effects, the following properties should also be
defined:


• Morphology of airborne fibers (TEM/SEM).
• Airborne mass and fiber number concentration.
• Nonfibrous particle number and dimensions.
• Mass median aerodynamic diameter and geometric


standard deviation (GSD).
• Size distribution of length and diameter of the airborne


fibers, including the number of WHO fibers per unit
volume and the proportion of fibers >20 µm per unit
volume.


Characterization of Fibers Recovered From the Lungs
Where applicable, the assessment of fibers recovered from the


lungs should involve a lung digestion procedure (e.g., hypochlo-
rite), validated for the fiber in question, which does not attack
the fiber surface or change the dimensions, followed by quan-
tification of the following aspects of the lung burden:


• Content and characterization of fibers and particulates
per unit lung mass.


• Morphology of the recovered fibers (TEM/SEM, if nec-
essary).


• Fiber mass.
• WHO fiber number and number of fibers >20 µm long.
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• Fiber diameter and length (bivariate size distribution).
• Chemical composition of the bulk (ICP-MS).
• Chemical composition of outmost layers (SEM/


TEM + EDS).


6.4. Durability and Biopersistence
Durability or biopersistence of fiber samples has been es-


timated using composition data, in vitro methods, and in vivo
methods.


Durability Evaluated on the Basis of Composition
Models have been proposed that provide a correlation be-


tween fiber chemical composition and acellular in vitro solubil-
ity over well-defined ranges of chemical composition expressed
as oxide mass percent. For glass wool compositions the pre-
dictions are based on a linear fit of the log of the pH 7.4 in
vitro dissolution rate (Eastes et al., 2000c). For stone (rock)
wool compositions the predictions are based on a linear fit of
the log of the dissolution rate calculated from in vivo fiber
clearance data (Eastes et al., 2000a, 2000b). There are two
sets of equations for stone wools, one for the low-alumina and
one for the high-alumina compositions. Figure 5 is a graph
of measured in vitro dissolution rates plotted against dissolu-
tion rates calculated using these equations. It can be seen that
there is good correlation over a wide (>100-fold) range of
compositions.


In general, these models have not been considered robust
enough to be used for regulatory classification of fibers and are
used only as a first line of internal screening by the fiber industry
in developing new fiber compositions.


As discussed later in this article, in the European Commission
fiber legislation (Council of the European Union, 1997) fibers
are differentiated between initial classification into Category 2 or
Category 3 based on the sum of the weight of oxides of sodium,
potassium, calcium, magnesium, and barium (Sum > 18% =


FIG. 5. Calculated versus measured dissolution rates for syn-
thetic vitreous fibers (SVFs).


Category 3 and Sum < 18% = Category 2); however, chemical
composition alone was not considered sufficient for exoneration
of fibers from classification as a carcinogen.


Durability In Vitro
Cell-Free Systems. It is possible to estimate the ability of


fibers to persist in the lung by use of a milieu that mimics
some pertinent aspects of tissue fluid. In such an environment
fibers may be either completely dissolved or weakened by par-
tial leaching of components so that they break mechanically. To
determine durability in vitro, fibers are retained in an aqueous
solution that has an electrolyte balance and pH close to that of
physiological fluid since such factors can affect the rates of dis-
solution and leaching (Mattson, 1995). The pH in which fibers
exist in the lungs is likely to be either pH 7.4 in lung lining
fluid or as low as pH 4.5 in phagolysosomes. The solution, com-
monly a modification of Gamble’s fluid at pH 7.4 or 4.5, has the
electrolytic balance of tissue fluid although it does not contain
the hallmark macromolecules of biological systems. Over time
the fibers remain in a dynamic flow of this fluid or statically
in fixed volume (Touray & Ballif, 1994). A number of meth-
ods have been used to follow the dissolution of the fibers; those
developed through the early 1990s have been summarized in a
review article (de Meringo et al., 1994). In the most widely used
method, the dissolution fluid is regularly sampled and analyzed
for various elements by a sensitive technique such as inductively
coupled plasma–mass spectrometry (ICP-MS). From the initial
fiber diameter distribution of the sample, it is possible to ex-
press the dissolution rate (Kdis) of any element in terms of mass
lost per unit surface area per unit time—typically nanograms
per square centimeter per hour. Silicon is used often used as an
index element since the structural matrix of many natural and
man-made vitreous fibers is siliceous. Several interlaboratory
comparisons were conducted to develop and verify a standard
flow-through procedure based on solution analysis. These have
shown that the method is well suited for ranking different fibers
with respect to dissolution rate within one laboratory but that,
due to a relatively high interlaboratory variation, caution should
be exercised when comparing values obtained by different lab-
oratories (Zoitos et al., 1997; Guldberg et al., 2003; Guldberg
et al., 2003).


It is also possible to follow the dissolution rate by direct
measurement of mass loss. More recently, a technique has been
developed to follow fiber dissolution directly by means of fiber
diameter measurement (Potter, 2000). In this technique indi-
vidual fibers are exposed to a continual flow of the modified
Gamble’s solution in a cell that allows periodic optical mea-
surement of the diameters of the fibers while they remain im-
mersed in the fluid. This technique has the advantage of mea-
suring directly the parameter of interest, that is, fiber diameter,
in a way that is conceptually and experimentally simple. In ad-
dition, the dissolution rate calculation does not depend on fiber
composition, diameter distribution, or surface area. However,
this technique cannot be used for fibers in the submicroscopic
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range, for example, <0.25 µm. Several studies have shown a
good correlation between the results of in vitro, cell-free dis-
solution measurements and fiber durability in the lung (Maxim
et al., 1999; Searl et al., 1999; Oberdorster, 1996).


Cellular Systems. Fibers can be added to cells in culture
and then assessed for changes in their dimensions or elemental
composition over time (Jaurand, 1994). Since the exact cellu-
lar compartment in which fibers are retained during long-term
residence is unknown, this approach is difficult to validate but
macrophages seem a likely candidate and these cells have been
used in this type of assay (Luoto et al., 1994). The difficulty
with cellular systems is that they are usually static systems with
very small volumes of fluid in which the potential for dissolution
approaches zero, in contrast to the very high dissolution poten-
tial available in the in vivo lung. Thus, fibers in these systems
are primarily differentiated based on shape rather than also on
solubility.


The dissolution behaviors of various synthetic vitreous fibers
were studied in serially refreshed static cultures near pH 7
with and without rat alveolar macrophages (Luoto et al., 1994,
1995). Analysis of the solutions for Si, Fe, and Al showed sig-
nificant differences in dissolution attributable to the presence
of macrophages in the culture. The media with macrophages
typically had lower Si and higher Fe and Al concentrations
than did the cell-free media. This is consistent with the pres-
ence in vivo of an additional dissolution environment that
is acidic—presumably relating to the action of phagocytic
cells. Experiments similar to what was just described were
done but in a recirculating flow-through system (Luoto et al.,
1998). The results generally show a smaller difference between
dissolution with and without the presence of the phagocytic
cells.


Another major problem in the in vitro systems is that the
fibers are not in the lung making contact with cells and vari-
ous lung compartments where normal physiological processes
can affect the biopersistence of fibers. If fibers are deposited
in the lungs of rats, their biopersistence can be determined
by characterizing the lung fiber burden over time, and this
can be assumed to give a better indication of how the fibers
would persist in the lungs of exposed humans than the in vitro
method.


Recent in vitro cellular studies have been reported that are
designed to elucidate the mechanisms of biodegradability of
organic p-aramid fibrils. Using an in vitro acellular system,
Warheit et al. (2001b) reported that components of lung flu-
ids coat and catalyze the p-aramid, thereby predisposing the
respirable fibers to enzymatic cleavage. It was suggested that
this mechanism could play a significant role in facilitating the
shortening of inhaled p-aramid RFP that has been reported in
the lungs of exposed rats and hamsters. In addition, in vitro cel-
lular systems, involving alveolar macrophages and macrophage-
lung epithelial cell cocultures, have been utilized to demonstrate
biodegradability of p-aramid respirable fibers following phago-
cytosis of fibers by macrophages.


Biopersistence
Measurement of biopersistence of fibers in the lung is one of


the most important short-term assays for estimating the potential
hazard of fiber types (see section 5.5). Two different methods
of exposure have been used for biopersistence studies: inhala-
tion and intratracheal instillation (IT). Because of the limitations
of IT, as discussed later, inhalation is the preferred method of
exposure for biopersistence studies. Naturally, the inhalation ex-
posure more closely mimics normal human exposure, and there
is no bolus effect as seen with instillation. With either method
of administering the fiber sample, the approach for determining
biopersistence involves sequential sacrifices, lung digestion and
characterization of the lung fiber burden, and calculation of a
retention T1/2. By using sequential sacrifices, the change in the
structure, size distribution, and morphology of the lung fibers
over time can be followed to provide an indication of the bioper-
sistence (Muhle et al., 1994; Hesterberg et al., 1996; Bernstein
et al., 1997).


Biopersistence Following Inhalation Exposure. In develop-
ing the European Commission fiber legislation, the relationship
of the biopersistence following short term inhalation and in-
tratracheal instillation to the results of chronic inhalation and
intraperitoneal injection studies was investigated in detail using
the original data from these studies. The biopersistence of fibers
longer than 20 µm was found to be an excellent predictor both
of the collagen deposition in the bronchoalveolar junctions (an
early precursor of interstitial fibrosis) in the chronic inhalation
studies and of tumor response in the chronic intraperitoneal in-
jection studies (Bernstein et al., 2001a, 2001b). Based on this
analysis, the European Commission established its fiber direc-
tive (European Commission, 1997). In Note Q of the EC Direc-
tive 97/69/EEC, it is stated that the classification as a carcinogen
need not apply if it can be shown that the substance fulfills one
of the following conditions:


1. A short-term biopersistence test by inhalation has shown that
the fibers longer than 20 µm have a weighted half-time less
than 10 days.


2. A short-term biopersistence test by intratracheal instillation
has shown that the fibers longer than 20 µm have a weighted
half-time less than 40 days.


3. An appropriate intraperitoneal test has shown no evidence of
excess carcinogenicity.


4. Absence of relevant pathogenicity or neoplastic changes in a
suitable long-term inhalation test.


A 1-wk (6 h/day for 5 days) inhalation exposure followed
by 26-wk follow-up of lung burden fibers has been proposed
(European Commission, 1999a), but it is notable that for more
soluble fibers the trend for biopersistence is often evident at
13 wk, so a 3-mo study could be envisaged that would allow
determination of biopersistence.


However, it has also been reported that prolongation of the ex-
posure duration can lead to an increase in the observed retention
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half-time of fibers. For example, the half-time in rat lungs of
rock wool fiber MMVF34 fibers (length >20 µm) was 5 days
after a 5-day inhalation exposure, whereas the half-time for this
fiber type was 27 days after a 12-mo exposure period (Kamstrup
et al., 1998). Therefore, in making comparisons of biopersis-
tence studies, the same exposure times and mode of delivery
should be used.


Biopersistence Following Intratracheal Instillation Expo-
sure. This technique delivers the fibers as a bolus suspen-
sion into the lung via the trachea. Problems associated with this
method include that the fibers are necessarily delivered in sus-
pension form in saline or water and so some dissolution may have
already occurred. The delivery of the mass burden into the lung
as a suspension can also result in fiber clumping or bundles, with
some fibers orientating themselves in non-aerodynamic ways
across the airways. The resultant bridging of fibers across small
airspaces can block deposition deeper into the lung and lead to
granuloma formation and fibrosis that obstructs the bronchioles.
The bolus dose also means that the fibers are in an inflammatory
milieu immediately. However, fibers may be instilled at very
low dose or in divided doses, and this may mitigate the prob-
lem (Driscoll et al., 2000). From the data, a retention half-time
can be calculated that is longer for biopersistent fibers than for
nonbiopersistent fibers, and although there is disagreement on
the absolute retention half-time relationship between instillation
and inhalation (Muhle & Bellmann, 1995), they rank different
fiber samples in the same order. Thus, the method and duration
of exposure of animals can influence the retention half-time.


6.5. Short-Term Biological Tests
There is a paradox in trying to ascertain the activity of fiber


samples in very short-term assays of biological activity. There
are studies that demonstrate that long, nonbiopersistent fibers
that are not pathogenic in vivo are positive in tests of ability to
cause proinflammatory (Ye et al., 1999) and genotoxic (Hester-
berg et al., 1983) effects in short-term in vitro tests. This arises
because biopersistence of fibers is known to be central to their
overall pathogenicity yet very short-term assays cannot allow for
this important property; thus nonbiopersistent fibers are likely
to produce false positives. However, in view of the technical so-
phistication required and the expense of inhalation assays, these
very short-term assays continue to be used.


Donaldson and Brown (1993) and Warheit (1993) each have
proposed using bronchoalveolar lavage assessments and short-
term pulmonary bioassays to study the pulmonary cellular re-
sponses following exposures to fibrous or particulate materials.
It is generally regarded that using a short-term assay to assess
biomarkers of lung injury and inflammation can provide valu-
able information on the nature of fiber toxicity and the potential
for the development of pulmonary fibrosis.


Tests In Vitro
Dose. As mentioned earlier, while in vitro cellular tests can


provide specific information, as designed, due to their static


nature they cannot take into effect the important influence of
fiber dissolution/breakage on these events.


Fiber Reactivity (Acellular Assays). It has been suggested
that the ability of fiber samples to cause oxidative stress is
a factor in their proinflammatory and genotoxic effects and
that transition metals, especially iron, may play an impor-
tant role in causing these effects (reviewed by Hardy & Aust,
1995a; Kane et al., 1996; Kamp & Weitzman, 1999). Other sur-
face properties (see section 5.6) are also important and may
enhance or depress the pathogenic potential of a given fiber
type.


Bioavailable and bioactive transition metals. The ability
of asbestos fibers to activate a number of pathways signaling
for inflammation and other relevant pathways for proliferation
and related effects has been shown to depend on iron (Luster
& Simeonova, 1998; Kamp & Weitzman, 1999). Cell-free and
cellular tests (reported in section 5.6) have clearly shown that
neither all the iron contained in the fiber, nor what is at the
surface and may be mobilized (bioavailable), is active in this
respect (bioactive). Accordingly, one study of pathogenic and
nonpathogenic fibers showed no tendency for the pathogenic
fibers to release more bioavailable transition metals than the
nonpathogenic fibers in vitro (Fisher et al., 1998). Transition
metals can take part in the various mechanisms (see Box 1,
section 5.6) whereby the hydroxyl radical—which adversely af-
fects a number of biological molecules such as protein, lipids,
and DNA—is generated. Proof of a role for transition metals
in a given test is normally given by the diminution of the ef-
fect following addition of the transition metal chelator defer-
oxamine. Therefore, bioavailable transition metal release from
a fiber, associated with evidence of bioactivity, may be impor-
tant in determining toxicity of any sample (Lund & Aust, 1992).
In the future, fibers may be developed that contain a range of
metals that are reactive in biological systems, and these can be
detected by a number of sensitive methods including ICP-MS.
Reactive species other than transition metals, such as organics,
could be a component of future fibers, and these need to be
considered.


Free radical release. Several direct and indirect methods
for the detection of free radicals are available and have been
used with fibers (reviewed in Fubini, 1996).


Electron paramagnetic resonance (EPR) can be used by
means of the spin trapping technique to detect the nature and
amounts of free radical species generated by any fiber sample
in acellular tests (employed, by many authors since the pioneer-
ing study of Weitzman & Graceffa, 1984). Such technique also
allows analysis of the kinetics of release, providing information
on fiber types in which slow radical release may cause sustained
inflammation (Fenoglio et al., 2001). When applied in vivo for
asbestos, such technique showed that the greater the radical pro-
duction, the more likely the fiber sample is to cause oxidative
stress in the lungs (Ghio et al., 1998).


Another method is measurement of DNA damage. The abil-
ity of fibers to cause scission of plasmid DNA is a measure
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of hydroxyl radical activity that has been used to demonstrate
the ability of asbestos fibers to generate ROS (Gilmour et al.,
1997). This technique did not discriminate between a panel
of pathogenic and a panel of nonpathogenic fibers. However,
ceramic fibers were very active in this assay (Brown et al.,
1998b). The role of this type of assay in determining the
pathogenicity of organic fibers is unknown, since the mech-
anism of their pathogenicity (if any) is unknown. The gen-
eration of 8-OH DG, following the incubation of fibers with
naked DNA, has also been used as a test (Nejjari et al., 1993).
This showed that iron-containing fibers such as crocidolite and
amosite were the most reactive, whereas fibers without iron were
inactive.


Also available are other assays of the ability of fibers to
generate oxidative stress in cell-free systems. Various chemi-
cal/biochemical assays that detect the ability of fibers to gener-
ate free radicals are available. The salicylic acid assay (Maples
& Johnson, 1992) showed a relationship of free radical reaction
with the ability (or lack of ability) to cause mesotheliomas in
rats and humans for a panel of fibers that included erionite, cro-
cidolite, amosite, anthophyllite, chrysotile, JM code 100 glass
fibers, and glass wool.


Depletion of antioxidants. Depletion of the antioxidant de-
fenses may also contribute to the oxidative stress. This may be
caused by the inhibition of some cellular pathways (such as
the pentose phosphate pathway, via the inhibition of its rate-
limiting enzyme glucose-6-phosphate dehydrogenase (Riganti
et al., 2002), or by the simple consumption at the fiber surface
of endogenous antioxidants. Several fiber types, including as-
bestos, glass wools, and ceramic fibers, were tested for their
ability to deplete ascorbic acid and glutathione in lung lining
fluid as a measure of the potential to cause oxidative stress in
vivo (Brown et al., 2000); in this study the greatest depletion of
antioxidants was observed with the two noncarcinogenic glass
wools, suggesting that such reactivity cannot per se confirm
toxicity, but may augment the oxidative stress caused by other
factors.


Hydrophilicity/hydrophobicity. Fully hydrophobized ce-
ramic fibers (Tomatis et al., 2002b) or crystalline silica particles
(Fubini et al., 1999) lose much of their original cytotoxic and
transforming potential. Amphibole asbestos heated at 800◦C,
although still partially hydrophilic, lost its ability to generate
free radicals (Tomatis et al., 2002a) and damage DNA (Otero-
Arean et al., 2001). Hence hydrophobicity is a property that,
likely by regulating cellular uptake and clearance, modulates
fiber pathogenicity. Hydrophilicity may be measured in vari-
ous ways, with comminuted material such as fiber samples; the
most appropriate is water vapor adsorption—the higher the water
uptake, under defined conditions, the higher the degree of hy-
drophilicity (Fubini et al., 1999). With substantially hydrophilic
vitreous surfaces, such as glass, slag, and rock wools, water
uptake, mainly by cations, parallels solubility (Ottaviani et al.,
2000).


Cellular Tests
The dose used in these studies is usually very high compared


to in vivo dose, and the dosimetry issue should be fully con-
sidered in deciding the usefulness of any assay. Tests that more
closely mimic the conditions of the lung, such as cocultures
of epithelial cells and macrophages, may be useful (Warheit,
2001b).


Macrophages. Alveolar macrophages are the initial defense
mechanism against particles and fibers that deposit in the lower
respiratory tract. Phagocytic cells express several types of sur-
face receptors that recognize exogenous particulates and mi-
croorganisms, as well as endogenous ligands. Activation of
different classes of surface receptors triggers phagocytosis, the
respiratory burst mechanism, migration and chemotaxis, and
production of proinflammatory mediators and cytokines. In gen-
eral, there is a correlation between exposure to highly toxic
particulates and fibers (e.g., freshly fractured quartz, asbestos
fibers) and release of oxidants and cytokines from alveolar
macrophages (reviewed in Driscoll et al., 2002). Opsonization
or coating of exogenous particulates with activated comple-
ment fragments, immunoglobulins, or surfactant proteins (es-
pecially SP-A, which binds to the C1q collectin receptor) en-
hances phagocytosis and respiratory burst activity (Donaldson
et al., 1992; Palecanda & Kobzik, 2000). Crystalline silica par-
ticles and crocidolite asbestos fibers are also bound by opsonin-
independent receptors, especially the class A macrophage scav-
enger receptor (SR-A; Palecanda et al., 1999). It has been pos-
tulated that binding of inert dusts such as titanium dioxide by
these scavenger receptors does not trigger macrophage activa-
tion and release of oxidants and pro-inflammatory mediators,
in contrast to binding of toxic particulates such as crystalline
silica or asbestos fibers (Palecanda et al., 1999). The biochem-
ical mechanisms and signal transduction pathways responsible
for the different responses of alveolar macrophages to different
types of inhaled particulates are unknown.


Macrophage death. The ability of fibers to cause
macrophage toxicity has been determined by various assays
such as trypan blue exclusion and lactate dehydrogenase (LDH)
release. Dosimetric considerations suggest that only very low
numbers of fibers would normally deposit and make contact
with cells in workplace exposure situations, so toxicity tests are
often carried out in vitro in order to select nontoxic doses for
studies at doses that show stimulatory effects that are more likely
to occur in vivo. Assessment of macrophage death as an endpoint
is generally useful only to select nontoxic doses for macrophage
stimulation experiments.


Macrophage stimulation. Fibers can be investigated for
their ability to stimulate macrophages in various ways that lead
to inflammation or bystander injury to epithelial cells:


Oxidative burst: Macrophage-derived oxidants arise from super-
oxide anion, the product of NADPH-oxidase following the
initiation of phagocytosis. There have been many studies on
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the ability of fibers to stimulate the macrophage oxidative
burst (Hansen & Mossman, 1987; Schuele & Holian, 1989;
Hill et al., 1995), but there appears to be little specific effect
of pathogenic fiber samples without opsonin such as IgG.


Inflammatory mediators: Fibers have been shown to stim-
ulate release of various inflammatory mediators from
macrophages, including eicosanoids, cytokines, and
chemokines (Leikauf et al., 1995). Oxidative stress is pro-
posed as a central mechanism resulting in release of the
mediators. Oxidative stress-activated genes are controlled
by the transcription factor nuclear factor (NF)-κB. Under
the action of oxidative stress, NF-κB separates from its in-
hibitor and migrates to the nucleus, where it can bind to the
κB consensus sequence in the promoter region of many pro-
inflammatory genes such as TNFα, ICAM-1, and COX2,
causing them to be expressed. Studies on the ability of fibers
to activate NF-κB have been described for a number of fibers
(Schins & Donaldson, 2000) using the electrophoretic gel
mobility shift assay (EMSA) (Cheng et al., 1999) or im-
munocytochemistry to demonstrate the nuclear localization
of component of NF-κB (Brown et al., 1999). In addition
to measuring the signaling pathways for the expression of
pro-inflammatory proteins, the proteins themselves should
be measured (e.g., IL-8, TNFα, IL-1b, etc.) (Fisher et al.,
2000; Luster & Simeonova, 1998; Simeonova et al., 1997).
Constitutive NF-κB activation has also been proposed to
play a role in carcinogenesis (Karin et al., 2002).


Pentose phosphate pathway: There has been a recent report that
crocidolite asbestos, but not glass wool (MMVF10), inhibits
the pentose phosphate pathway (PPP) in epithelial cells. The
PPP generates NADPH, so inhibition of the pathway results
in NADPH “debt.” NADPH is not, therefore, available to
act as a cofactor for various antioxidants, so antioxidant de-
fense is impaired, leading to oxidative stress (Riganti et al.,
2002).


Genotoxicity Tests
Epithelial Cells Epithelial cells are involved in proinflam-


matory effects and are also the cell of origin for bronchogenic
carcinoma, so can form the basis of testing for both of these
endpoints.


Genotoxic Effects. The ability of fibers to cause genotoxic
effects in vitro has been demonstrated. Promoting effects of
fibers include the ability to stimulate proliferation, so effects
on genes associated with the regulation of the cell cycle, such
as c-fos and c-jun, are of interest, as well as direct measurement
of effects on cell proliferation. There are numerous genotoxic
endpoints that can be utilized-including:


• Micronucleus formation (Kodama et al., 1993).
• Sister chromatid exchanges (Kodama et al., 1993).
• DNA damage (Comet assay) (Puhakka et al., 2002).
• Deletions (Hei et al., 2000).
• 8-OH-dG (Leanderson et al., 1988).


Mesothelial Cells, Epithelial Cells, and Fibroblasts
Since mesothelial cells are the cells that undergo transfor-


mation to produce mesotheliomas, there has been considerable
interest in the direct effects of fibers on these cells. It should be
borne in mind that the short-term assay paradox is especially
relevant for this cell type because there is a requirement for
translocation of fiber from the site of deposition on the epithe-
lial surface to the sensitive mesothelial tissue. This translocation
is likely to require time, so there is even more opportunity for
the influence of the lung milieu to act on nonbiopersistent long
fibers to render them shorter.


A range of cellular endpoints have been measured, including
the obvious ones associated with signaling for proliferation and
oncogene activation (Heintz et al., 1993). Genotoxic endpoints
are also highly relevant for these target cells and include all of
those listed above (Fung et al., 1997).


Subchronic Biological Tests In Vivo
Subchronic inhalation studies (90 days in rats) are consid-


ered short-term assays here, and are a useful bridge between
5-day and chronic exposure studies. While the carcinogenic end-
point would not be expected in such a subchronic assay, there
are a number of endpoints that can be used to position fibers
as to their likelihood of causing fibrosis and/or cancer. Many
changes are considered to be precancerous, including chronic
inflammation, hyperplasia, metaplasia, and mutation. Fibrosis
as a result of the inhalation of carcinogenic fibers can be de-
tected within 3 mo so could be detected in a short-term as-
say. All fibers that have caused cancer in animals via inhalation
have also caused fibrosis, and at an earlier timepoint, that is,
by 3 mo. However, there have been fibers that have caused fi-
brosis but not cancer. Therefore, in vivo studies that involve
short-term exposure of rat lungs to fibers and subsequent as-
sessment of relevant endpoints, notably fibrosis, are probably
adequately conservative for predicting long-term pathology—
that is, will identify fibers that have a fibrogenic or carcinogenic
potential.


Two studies with organic fibers suggest that subchronic pul-
monary endpoints are operative following exposures to organic
fiber types (Hesterberg et al., 1992; Bellmann et al., 2000). We
may also anticipate that immunological phenomena that might
result from exposure to organic fibers would be manifest in this
time frame, although currently there are no data on this.


Three months is long enough for there to be clear effects
of biopersistence (Bernstein et al., 1996) on the long fibers, so
this should be reflected in the biological response. These studies
could be done in concert with the biopersistence studies, and
indeed a rational approach has been suggested where there is
exposure of rats to fibers, with one subgroup of rats set aside for
assessment of biopersistence and another group for biological
effects. This would allow biological effects to be understood in
the context of the dosimetry. However, it should be noted that
the retention half-time of fibers depends on the retained dose
(Muhle et al., 1995, Kamstrup et al., 1998).
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Some of the parameters that should be measured in a 3-
mo fiber inhalation study to provide the basis for selecting ex-
posure levels for a chronic study are noted in the U.S. EPA
Guideline for Combined Chronic Toxicity/Carcinogenicity Test-
ing of Respirable Fibrous Particles (U.S. EPA, 2001). Param-
eters to be evaluated include lung weight, fiber lung burden
and clearance, cell proliferation, inflammatory response mark-
ers, and histopathology. The European Commission guideline
for subchronic inhalation toxicity testing of synthetic mineral
fibers in rats (European Commission, 1999b) specifies similar
parameters.


Exposure concentrations in a subchronic fiber inhalation
study should be selected to ensure that the biological effects
of a pathogenic fiber would be detectable at least at the high-
est exposure level. The U.S. EPA Guideline indicates that the
highest concentration tested in the chronic study should be set
at a level at which some degree of impaired clearance and toxi-
city are observed. Thus, a similar requirement is implied for the
subchronic study that provides the data on which chronic dose
selection is based. The EC guideline for subchronic inhalation
toxicity testing of fibers (European Commission, 1999b) spec-
ifies 3 exposure concentrations, the highest of which should be
150 fibers/cm3 with length greater than 20 µm, if technically
feasible.


The European Commission recently completed a “calibra-
tion” assay (Bellmann et al., 2003) in which a 3-mo inhala-
tion study investigated the biological effects of a special-
purpose glass microfiber (E-glass microfiber), the stone wool
fiber MMVF21, and a new high-temperature application fiber
(calcium-magnesium-silicate fiber, CMS) in Wistar rats. Rats
were exposed 6 h/day, 5 days/wk, for 3 mo to fiber aerosol con-
centrations of approximately 15, 50, and 150 fibers/ml (fiber
length >20 µm) for E-glass microfiber and MMVF21.


The biological effects measured included inflammatory and
proliferative potential, histopathologic lesions, and the persis-
tence of these effects over a recovery period of 3 mo. Generally,
observed effects were higher for E-glass microfiber when com-
pared to MMVF21. The following clear dose-dependent effects
on E-glass microfiber and MMVF21 exposure were observed as
main findings of the study: increases in lung weights, in mea-
sured biochemical parameters and polymorphonuclear leuko-
cytes (PMN) in the bronchoalveolar lavage fluid (BALF), in
cell proliferation (BrdU response) of terminal bronchiolar ep-
ithelium, and in interstitial fibrosis. The values observed in the
proliferation assay on the carcinogenic E-glass microfiber indi-
cate that this assay may have an important predictive value with
regard to potential carcinogenicity. Results of the CMS exposure
group indicate that effects may be dominated by the presence of
nonfibrous particles.


Unfortunately, due to the large and varying number of parti-
cles and short fibers in the different fiber groups, alterations in
these parameters could not be correlated specifically with fiber
concentration, either of long fibers or WHO fibers. The authors
concluded that if this protocol is to be used to differentiate fiber


types, the number and bivariate length–diameter size distribu-
tion of the fibers and especially the content of particles should
be similar for each fiber type.


The preferred route of exposure for the 3-mo study is by
inhalation, but for a batch of experimental fibers that cannot be
obtained in sufficient numbers to generate a cloud, intratracheal
instillation may suffice if the fiber number is kept low (Driscoll
et al., 2000). However, there is no database for the relationship
of pulmonary fibrosis to long term effects with intratracheal
instillation.


Dosimetry and Clearance
Characterization of lung fiber burden is a key aspect of fiber


dosimetry. The lung fiber burden can be examined in a variety
of ways; the ideal method will be dictated by the type of fiber
being studied. Whatever method is chosen, it must be able to
evaluate (“capture”) all of the fibers and nonfibrous particulates
that are retained in the lung without altering their composition or
morphology. This may require the use of electron microscopy if
the fibers are submicroscopic in size. It is particularly important
to record the number of fibers by bivariate size distribution and
number per milligram dry weight, or per gram wet weight, and
per lung. These data are particularly important for evaluating the
lungs at the end of the exposure period and during the “recovery”
period.


Fiber Burden in the Pleura. A few studies have been done to
evaluate the number of fibers in the pleura of rats (Gelzleichter
et al., 1999) and hamsters (McConnell et al., 1999). The di-
aphragm can be collected and digested to determine if fibers
have penetrated the pleura of the lung. The number of fibers
can be measured for size and counted as the number per square
millimeter of surface area. While the database is now limited,
a robust one could be established over time. The main value at
this time would be a yes/no answer—that is, are there fibers in
the diaphragm, and what are their dimensions?


Fibers have been recovered from the pleural cavities of rats
(Gelzleichter et al., 1996) and humans (Boutin et al., 1996).
Although rat alveolar macrophages are phenotypically differ-
ent from rat pleural or peritoneal macrophages (Gjomarkaj
et al., 1999), it is not known whether pleural macrophages
show the same responses to these translocated fibers as alve-
olar macrophages. Release of proinflammatory mediators from
alveolar or pleural macrophages results in accumulation of neu-
trophils and newly recruited monocytes from the peripheral
blood, which can further amplify the inflammatory reaction and
produce tissue injury. It is proposed that long, biopersistent fibers
that are not easily cleared from the lower respiratory tract have a
greater potential to perpetuate these inflammatory reactions and
cause tissue injury (Hesterberg et al., 1994). This is the biologic
rationale for proposing persistent inflammation as an endpoint
for potentially toxic fibers in short-term in vivo assays.


Impairment of Clearance. In addition to the normal char-
acterization of the lung fiber burden, it has been suggested that
conditions of particle/fiber overload and impaired clearance in
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the lung can be detected by analysis of the fiber burden in the
lung-associated lymph nodes (Bellmann et al., 2002). Impair-
ment of clearance also could be assessed via challenge with
a tagged particle (Vu et al., 1996). The clearance of the la-
beled particles should be measured over a period of a few
months. By this method, in addition to retention measurements
of fibers, it is possible to distinguish between fiber clearance and
macrophage-mediated clearance. The latter is important in de-
termining whether a dust overload condition may have occurred,
whereas fiber clearance may be due to dissolution or breaking
of fibers.


Lung Weight
Lung weight is an indirect and nonspecific measure of pul-


monary response. Lung weight is easy to determine and can be
a useful endpoint. However, increases in lung weight following
pulmonary exposures may be due to various factors, including
edema, particle overload, pulmonary fibrosis, and other factors.
Moreover, with regard to fiber-related adverse pulmonary ef-
fects, significant increases in the weight of the lung of rodents
may not become apparent until the pulmonary fibrosis is of some
magnitude (usually 3+ mo). Therefore, this parameter may be
of little value in assessing lung effects when using a short-term
assay.


Inflammation
Inflammation is a common feature of fiber exposure and


can be evaluated qualitatively or semiquantitatively (i.e., min-
imal, mild, moderate, marked), using standard histopathologic
techniques.


Bronchoalveolar Lavage. Inflammation can be evaluated
more quantitatively using bronchoalveolar lavage (Creutzenberg
et al., 1998). One of the problems in using this endpoint for
hazard evaluation is that fibers vary in their ability to stimulate
an inflammatory reaction as defined by an increase in neutrophils
and lymphocytes. While these types of cells are commonly found
with crystalline materials, including fibers, they are not readily
stimulated with amorphous fibers.


Pleural Lavage. Changes in lavageable inflammatory cells
of the pleural cavity after asbestos exposure in rats have been
reported (Oberdörster et al., 1983). In particular, an influx of
peroxidase-positive macrophages 1 to 3 days postexposure was
found, indicating newly arrived macrophages. This could pos-
sibly be induced by fibers translocating to the pleural space
(Gelzleichter et al., 1999). Since pleural lavage can easily be
performed, results of this method can be a valuable addition to
lung lavage analysis.


Cell Proliferation
The investigation of epithelial cell proliferation in the ter-


minal bronchioles and in the lung parenchyma after subchronic
fiber inhalation has proven to be a useful assay to predict poten-
tial carcinogenicity (Bellmann et al., 2003). Proliferating cells


are labeled, for example, by 5-bromo-2′-deoxyuridine (BrdU),
which has to be administered a few days prior to sacrifice by
a minipump. Cells are stained immunohistochemically using a
specific antibody to the BrdU, which is incorporated into repli-
cated DNA. The evaluation of the slides is done by analyzing an
appropriate number of airway cells and of the proximal region
of the pulmonary parenchyma. This assay was used also in a
subchronic study after inhalation of p-aramid respirable fiber-
shaped particulates (Bellmann et al., 2000), where resolution
of the inflammatory response was correlated with a decline in
proliferation (using BrdU pulse).


Rats exposed to long amphibole asbestos fibers may be used
as positive controls to validate the method. In the study of
Bellmann et al. (2003) using BrdU delivered by implanted mini-
pump after subchronic exposure to the carcinogenic E-glass mi-
crofiber, the observed values of the proliferation assay up to
90 days after the end of exposure indicated a predictive value
for a potential carcinogenicity. The values for the rock wool
fiber MMVF21 were statistically increased only at 1 wk after
the end of the subchronic exposure and not at 7 and 14 wk after
the end of exposure. For future studies, the authors recommend
conducting this assay up to 6 mo after termination of subchronic
exposure. At this time point, a differentiation between transient
and persistent proliferation may be distinguished more easily.


AP-1. The activator protein-1 (AP-1) transcription factor
complex is an early-response gene that is induced in the lung
by a variety of environmental and occupational toxicants, in-
cluding cigarette smoke, asbestos fibers, crystalline silica, ultra-
fine particulates, and oxidants. These toxicants activate mitogen-
activated protein kinase (MAPK) signal transduction pathways
in lung target cell populations, leading to activation of the AP-1
transcription factor complex. AP-1 target genes mediate cellu-
lar adaptive responses to these toxicants, including induction of
antioxidant defenses, surfactant proteins, markers of squamous
differentiation, cell cycle regulators, growth factors and growth
factor receptors, and extracellular matrix degrading enzymes
(reviewed in Reddy & Mossman, 2002).


Upregulation of fos and jun and increased AP-1 DNA binding
activity in response to asbestos fibers have been shown in lung
epithelial and mesothelial cells in vitro and in vivo. Although the
effects of fiber biopersistence have not been evaluated in these
short-term assays, low-toxicity particles such as glass beads or
titanium dioxide do not induce fos and jun in these assays (re-
viewed in Manning et al., 2002). A transgenic mouse model
expressing a luciferase reporter gene responsive to transactiva-
tion by AP-1 has been used to confirm AP-1 activation in vivo
in response to intratracheal instillation of asbestos fibers (Ding
et al., 1999a) or freshly fractured crystalline silica (Ding et al.,
1999b). Conceivably, this sensitive in vivo transgenic mouse
assay could be used to determine whether persistent AP-1 ac-
tivation is associated with biopersistent fibers in a subchronic
study.


One member of the AP-1 transcription factor complex, fra-1,
has been closely linked to lung cancer and mesotheliomas







TESTING OF FIBROUS PARTICLES 521


in some rodent models and in humans (reviewed in Reddy
& Mossman, 2002). Increased expression of fra-1 has been
shown in rat mesothelioma cells (Ramos-Nino et al., 2002) and
in asbestos-induced peritoneal mesotheliomas in rats (Sandhu
et al., 2000). Transgenic mice that overexpress fra-1 may be
useful to screen for potentially-carcinogenic man-made fibers.


Alternative methods of detecting proliferative events in
treated cells and animals include measurement of activation of
proinflammatory transcription factors and signaling pathways
using immunocytochemistry (Hubbard et al., 2002). Prolifera-
tion in the pleura can also be detected using BrdU (Robledo
et al., 2000).


Fibrosis
Although the causal association between asbestosis and lung


cancer in humans is controversial (reviewed in Samet, 2000, and
Nelson & Kelsey, 2002), in experimental animals lung cancer
produced by inhalation of particulates or fibers is preceded by
chronic or persistent inflammation and fibrosis. In 1990, Davis
and Cowie reviewed the histopathologic association between
pulmonary fibrosis and the incidence of benign and malignant
lung tumors in a total of 144 rats from 10 inhalation studies
with chrysotile or amosite asbestos. There was a statistically
significant association between the extent of pulmonary fibro-
sis and lung tumors in these inhalation studies. Benign tumors
or early malignant tumors that showed limited invasion were
found originating from areas of interstitial fibrosis and hyper-
plasia or adenomatosis. These authors noted that this association
is usually missed in chronic inhalation studies or in humans di-
agnosed with lung cancer because these tumors usually involve
a large area of the lung and the site of origin cannot be readily
identified (Davis & Cowie, 1990). Persistent inflammation and
fibrosis are proposed as biomarkers for potentially carcinogenic
fibers in short-term screening assays. The association of fibrosis
with lung cancer is recognized to the point that fibrosis has been
proposed as a surrogate for predicting the carcinogenic activity
of fibers in animals (Greim, 2001).


Histological assessment of fibrosis using trichrome staining
and the Wagner scale (McConnell et al., 1999) has been con-
ducted on several studies. Typically, fibrosis is evaluated on a
+1 to +4 basis. As an endpoint in a short-term study, it would be
adequate to establish if fibrosis was or was not present, although
the severity should also be recorded.


The process of fibrosis is also marked by increases in the local
production of growth factor cytokines such as TGFβ and PDGF,
and these have been detected early on in asbestos-exposed lung
using immunocytochemistry (Liu et al., 1997).


Genotoxicity
Data showing effects on genes and DNA is powerful infor-


mation regarding the potential of fibers to cause cancer. For ex-
ample, genotoxicity can be detected in vivo as the hydroxylation
adduct of guanosine, 8-hydroxy-deoxyguanosine (8-OH-DG)
(Nehls et al., 1997). 8-OH-dG has been demonstrated by im-


munocytochemistry in lungs of rats exposed to quartz, a known
carcinogen. The HPRT mutagenesis detection system has also
been utilized to investigate particle-induced carcinogenesis, and
mutations in this gene have been shown in quartz-exposed lung
epithelial cells (Driscoll et al., 1997).


Immune Reactions and Lung Injury and Fibrosis
Altered immune responses are a potential mechanism for lung


injury and should be considered in the evaluation of inorganic
and organic fibers. The phenotype of alveolar macrophages may
be altered by exposure to toxic particulates or fibers. Three
distinct macrophage subpopulations have been defined by the
following criteria: specific signals that induce activation, produc-
tion of cytokines and chemokines, expression of surface mark-
ers, and production of reactive oxygen and nitrogen metabolites
(reviewed by Mosser, 2003). Classical activated macrophages
are involved in cell-mediated (Th1) immune responses in re-
sponse to INF-γ and TNF-α. These activated macrophages ex-
press major histocompatibility class (MHC) II molecules and
release TNF-α, IL-12, IP-10, MIP-1α, and MCP-1. Their phago-
cytic ability is reduced with downregulation of the surface man-
nose receptor; however, microbicidal activity is enhanced due to
increased production of reactive oxygen and nitrogen metabo-
lites. Alternative activated macrophages are immunosuppres-
sive and are produced in response to IL-4 or glucocorticoids.
These macrophages release IL-1 receptor antagonist and IL-10
with upregulation of surface mannose and scavenger receptors.
These cells do not produce reactive oxygen or nitrogen metabo-
lites and suppress production of activated T lymphocytes. It has
been hypothesized that this macrophage subpopulation prevents
excessive inflammatory responses to environmental agents. Fi-
nally, type II activated macrophages participate in Th2 humoral
immune responses triggered by antibody complexes or liga-
tion of toll-like receptors, CD40, or CD44. Type II activated
macrophages express MHC class II molecules and release inter-
leukin (IL)-10 and IL-13 in addition to TNF-α and IL-6 (Mosser,
2003). Several lung diseases are associated with type II acti-
vated macrophages and a local Th2 immune response, including
a murine model of chronic silicosis (Huaux et al., 1999), idio-
pathic pulmonary fibrosis in humans (Hancock et al., 1998), and
animal models of radiation and bleomycin-induced fibrosis (re-
viewed in Sime and O’Reilly, 2001). It has been proposed that
toxic particulates induce apoptosis of immunosuppressive alve-
olar macrophages, thereby increasing the population of inducer
or activated alveolar macrophages, which drives a persistent in-
flammatory response in the lungs (Holian et al., 1997).


IL-13 is a key cytokine involved in lung inflammation, alve-
olar “signaling,” and fibrosis (Lee et al., 2001; Lanone et al.,
2002). In an inducible transgenic mouse model, overexpression
of IL-13 in the lung activated multiple chemokine pathways,
leading to pulmonary inflammation (Zhu et al., 2002), induction
of matrix metalloproteinases 9 and 12 (Lanone et al., 2002), and
increased production and activation of TGF-β1 and increased
expression of the hyaluronic acid receptor CD44 (Lee et al.,
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2001). Persistent inflammation and upregulation of TGF-β1 are
associated with asbestos-induced lung injury and fibrosis, in
addition to other fibrotic lung disorders (reviewed in Sime &
O’Reilly, 2001). It has not yet been determined whether expo-
sure to asbestos or synthetic fibers may alter immune regulation
in lung via the release of critical cytokines such as IL-13.


An important caveat in interpretation of these rodent models
of lung injury and fibrosis must be noted. The balance between
Th1 and Th2 immune responses in the lungs depends on the
mouse strain and the chronicity of the disease process (Abbas
et al., 1996; Huaux et al., 1999). In rodent models of silicosis,
rats show a different pattern of inflammatory and immunologic
responses than mice (Garn et al., 1997). Silicotic patients fre-
quently show evidence of increased systemic humoral immunity
(reviewed in Parks et al., 1999), similar to a murine model of
chronic silicosis (Huaux et al., 1999). Since genetic differences
in mouse strains influence Th1 and Th2 polarization of immune
responses, genetic polymorphisms in humans may contribute to
differences in susceptibility to the toxic and immunologic effects
of crystalline silica (Yucesoy et al., 2002), as well as natural and
synthetic fibers.


Chronic inflammatory conditions including silicosis and per-
sistent viral infections are associated with an imbalance be-
tween Th1 and Th2 helper lymphocytes (CD4+ T cells). It has
been proposed that a decreased cell-mediated immune response,
characterized by Th1 lymphocytes, and an increased humoral
immune response, characterized by Th2 lymphocytes, predis-
pose to the development of cancer. Asbestos exposure stimulates
production of several cyokines (IL-1β, TNFα, IL-6, IL-8) that
may be involved in this phenotypic switch. Chronic inflamma-
tion associated with persistent asbestos fibers also upregulates
COX-2, leading to increased prostaglandin (PG) E2 synthesis,
which stimulates production of angiogenic factors and activates
matrix metalloproteinases (O’Byrne et al., 2000). Phenotypic
switching in alveolar macrophage subpopulations or in CD4+
T helper lymphocytes may provide useful endpoints for screen-
ing potentially carcinogenic organic fibers. Angiogenesis and
increased connective tissue turnover may provide a signaling
local environment for cancer progression. This association pro-
vides a plausible mechanistic link between fibrosis and lung
cancer (Samet, 2000).


Special Models
The majority of subchronic and chronic inhalation assays to


evaluate the carcinogencity of natural and synthetic fibers have
been carried out in rats. Both lung carcinomas and mesothe-
liomas have been produced in these assays; however, no analy-
ses of molecular alterations in oncogenes or tumor suppressor
genes have been done on these experimental tumors. Malignant
mesotheliomas have been induced in rodents by direct intraperi-
toneal injection of asbestos fibers. Rat peritoneal mesotheliomas
induced in this model system do not show mutations or deletions
in the p53 tumor suppressor gene, similar to human pleural ma-
lignant mesotheliomas. These rat tumors also fail to show any


alterations at the NF2 tumor suppressor gene locus, which is
frequently mutated or shows loss of heterozygosity (LOH) in
human pleural malignant mesotheliomas. In contrast, murine
peritoneal mesotheliomas induced by direct injection of asbestos
fibers show frequent deletion of the p15INK4b and p16INK4a tumor
suppressor genes (reviewed in Kane, 2000).


Murine lung tumors induced by chemicals such as urethane,
aflatoxin, nitrosamines, or polycyclic aromatic hydrocarbons in
susceptible strains resemble human adenocarcinomas or bron-
chiolalveolar carcinomas. The spectrum of mutations observed
in these chemically induced tumors is similar to human lung
carcinomas, including activating point mutations in the K-ras
oncogene, deletion or altered methylation of the p16INK4a tumor
suppressor gene, and deletions at the FHTT tumor suppressor
gene locus (Tuveson & Jacks, 1999), in addition to increased
global LOH, reflecting chromosomal instability (Herzog et al.,
2002). Transgenic mouse models have been generated that show
an increased incidence of spontaneous lung tumors with a re-
duced latency. These transgenic mouse models include targeted
expression of SV40 T antigen, activated H-ras oncogene, mu-
tant p53 tumor suppressor gene (Tuveson & Jacks, 1999), and
deleted p16INK4a tumor suppressor gene (Sharpless et al., 2001).
The reduced latency for lung tumor development in genetically
susceptible (Malkinson, 2001) and genetically engineered mice
(Tuveson & Jacks, 1999) raises the possibility that these mouse
strains would be useful for short-term in vivo screening assays
for potentially carcinogenic fibers.


A limited number of transgenic mouse models have recently
been evaluated as alternative models for carcinogenicity test-
ing (reviewed in Cohen et al., 2001; Pritchard et al., 2003). Of
these transgenic models, the heterozygous p53+/− mouse and
the transgenic rasH2 mouse may be useful for assessing the car-
cinogenicity of fibers. Disruption of the p53 gene interferes with
cell cycle checkpoints, DNA repair, and apoptosis induced by
genotoxic agents. The p53+/− heterozygous knockout mouse
shows tissue and carcinogen specificity for tumor induction,
with a latency of 26 wk in response to chemical carcinogens.
LOH is frequently observed at the disrupted p53 gene locus on
chromosome 11, in addition to other mutations in oncogenes
and tumor suppressor genes (reviewed in French et al., 2001).
The p53+/− heterozygous mouse shows increased sensitivity
and accelerated progression of mesotheliomas induced by direct
intraperitoneal injection of asbestos fibers (Vaslet et al., 2002).
Ras is a key GTP-binding protein in the MAPK signaling path-
way; ras is activated by binding of growth factors to tyrosine
kinase receptors, leading to cell proliferation. Activating point
mutations in the ras oncogene cause constitutive activation of
the MAPK pathway. The rasH2 transgenic mouse shows ele-
vated, constitutive expression of ras in all tissues and an elevated
tumor incidence in response to genotoxic and nongenotoxic car-
cinogens. The human H-ras transgene frequently develops point
mutations in chemically induced tumors. The rasH2 transgenic
mouse is highly susceptible to lung tumors induced by urethane
(Mori et al., 2000). Although neither of these transgenic mice
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has yet been exposed to pulmonary carcinogens by intratracheal
instillation or inhalation, short-term screening assays may be
feasible in these genetically-engineered strains. Molecular as-
says for LOH at the p53 tumor suppressor gene locus or genetic
alterations in additional oncogenes or tumor suppressor genes
may be used as sensitive surrogate markers for carcinogenicity
after short-term exposure to synthetic fibers. These molecular
markers could be readily assessed over the same time frame as
fiber biopersistence, provided that these assays are first validated
with appropriate positive and negative controls (e.g., crocidolite
asbestos and wollastonite fibers).


7. TESTING STRATEGY
Having described the wide range of short-term testing meth-


ods that have been applied to fibers, we now suggest a straight-
forward strategy for integration of recommended methods in
a regulatory hazard evaluation and prioritization scheme for
fibers. The testing strategy proposed here reflects the state of
the science outlined in the earlier portions of the document. The
concepts described are based primarily on the availability of a ro-
bust database associated with experimental pulmonary toxicity


FIG. 6. Tiered testing system for silica-based synthetic vitreous fibers (SVFs).


studies in rats conducted with asbestos fibers and silica-based
synthetic vitreous fibers (also known as SVFs; see Figure 1).
Through the knowledge gained from studies on these two classes
of fibers, some fundamental “testing concepts” have been de-
veloped that are likely to be applicable to other fiber-types. In
this regard, the available experimental database of fiber toxicity
studies strongly suggests that two parameters are particularly
important, namely, biopersistence of inhaled fibers in the lung,
and the extent and persistence of pulmonary inflammation. Ad-
ditional factors that play an important role in the development
of fiber-related lung disease include proliferation of bronchiolar
epithelial cells and interstitial fibrosis. Thus, testing for these
parameters should be an integral component of any short-term
assay hazard evaluation strategy. Moreover, the specific strategy
that will be required for a given fiber type will be dictated by
what is known about that fiber type and, in addition, will be
influenced by information on similar fiber types.


Two schematic representations of the basic testing strate-
gies that are required to assess the potential toxicity of a given
SVF (Figure 6) or “other” (non-SVF) fiber types (Figure 7) are
presented in Figures 6 and 7. The preferred species is the rat.
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FIG. 7. Tiered testing system for other (non-SVF) fibers.


For all fiber types, the first step of the evaluation process is
the preparation and characterization (physical and chemical) of
the test fibers. The test fibers should be well-characterized, rat-
respirable fibers of appropriate dimensions (e.g., a significant
amount >20 µm in length for SVFs), but with relevance to the
airborne fibers to which humans are exposed. Subsequently, an
in vitro durability test and other in vitro cell-free and cellular as-
sessments are optional, although they may be useful for predict-
ing the toxic potential of a given fiber type. However, it should be
noted that, with the exception of the in vitro durability tests for
SVFs, most of these in vitro tests do not have standardized pro-
tocols or outcomes and have not been validated, or necessarily


correlated with in vivo-based results. Still, such tests may assist
in prioritizing fibers for further testing, particularly if a battery
of tests is performed on a large number of newly developed fiber
types.


A short-term in vivo biopersistence test is also optional, and
can be obviated by consolidating the in vivo biopersistence as-
sessment with a subchronic inhalation toxicity study (1–3 mo
exposure duration, with a postexposure recovery evaluation) that
focuses on pulmonary biological endpoints and effects. These
two tests form the fundamental components and decision tree
of the proposed testing strategy. If the fiber type has a short
clearance half-time in the lung and demonstrates no significant
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biological activity, then the results would suggest that this fiber
type is unlikely to present a significant health hazard. Alterna-
tively, if the results of the study indicate that the fiber type is biop-
ersistent in the lung or presents significant sustained biological
activity, such as inflammation, cell proliferation, or pulmonary
fibrosis, then there is a cause for concern, and implementation of
a chronic inhalation test is likely to be necessary for regulatory
evaluation.


For the non-SVF, “other” fiber-types, a suggested schematic
is presented in Figure 7. The testing strategy herein is essentially
the same as described for SVF fiber-types (Figure 6), with the
exception that the optional studies [i.e., (1) durability in vitro;
(2) short-term in vivo biopersistence test; (3) quantitation of
bioavailable toxic components; (4) in vitro free radical genera-
tion and surface reactivity; and (5) in vitro cellular assays] may
take on added importance in providing insights into the biolog-
ical activity of the fiber type in vivo. Nonetheless, as with the
testing strategy for SVF fiber types, the subchronic inhalation
study, investigating both biopersistence and biological activity
of the fiber type in the lung, represents the major criterion for
hazard evaluation. Similar to the strategy proposed for the SVF
fiber type, the results of the subchronic inhalation study will
determine whether additional long-term testing is required.


Given the strategies just outlined, in the following sections
we highlight the major parameters that can be assessed in the
short-term assays. Parameters are grouped as (1) physicochemi-
cal characterization, (2) in vitro toxicity tests, and (3) short-term
in vivo animal studies. Those that are considered essential for
hazard assessment are identified as “key parameters.” Other pa-
rameters that may be useful in studying mechanisms of toxicity
or in new product development as screening tools for some types
of fibers are also noted. These parameters are considered op-
tional in the testing strategies for hazard assessment (Figures 6
and 7). Comments on the utility and applicability of the various
assay systems are included for each group of parameters.


7.1. Physicochemical Characterization
The importance and applicability of data on the physical and


chemical characteristics of a fiber type in relation to its poten-
tial toxicity and carcinogenicity are discussed in sections 5 and
6.3. The importance of fiber geometry, especially length, along
with the ability to persist in the milieu of the lung, a function of
composition, are the two key parameters currently seen to best
predict how harmful a fiber is likely to be. The key parameters
identified next enable a degree of quantification of these deter-
minants. Not all of these parameters may be relevant for a given
test fiber; for example, cleavage does not apply to amorphous
fibers, and if there are no transition metals, then chelation studies
are not warranted.


Fiber Morphology
Key Parameters


• Size distribution of fibers characteristic of human ex-
posure. The concentration and size distribution of the


fibers to which humans are exposed in the work en-
vironment should be determined through routine in-
dustrial hygiene monitoring if the fiber is already in
production. If the fiber is in development, the concen-
tration in the pilot plant should be determined. An-
ticipated applications of the material should be sum-
marized, including any processes that may affect fiber
physicochemical properties (cutting, drilling, sawing,
heating, etc.). If technically feasible, simulations of the
intended use of the fiber should be conducted to assess
the potential human exposure.


• Bivariate length/diameter distribution. A complete
characterization of the bivariate distribution of fiber
lengths and diameters and of the fraction of non-
fibrous particulate in the bulk product and the
aerosol measurements should be determined. The pre-
ferred counting and sizing methods are those out-
lined in the EC Inhalation Biopersistence Proto-
col (http://ecb.jrc.it/DOCUMENTS/Testing-Methods/
mmmfweb.pdf).


• Crystallinity, fracture habit. The structure of the fiber
should be specified, in particular, whether the fiber is
amorphous or crystalline. In addition, the cleavage and
fracture habit of the fiber should be determined in or-
der to assess the potential for creating respirable fibers
from larger fibers. (Cleavage and fracture differ in that
cleavage is the break of a crystal face where a new
face [resulting in a smooth plane] is formed, whereas
fracture is the “chipping” of the fiber.)


Chemical Properties
Key Parameters


• Chemical composition. The chemical composition
of the fibers should be determined very precisely
(>99.5%), particularly in the presence of elements that
may speciate as toxic moieties in vivo (e.g. arsenic,
chromium, etc.). Known or anticipated variation in the
chemical composition should be stated.


• Durability of SVFs in Simulated Body Fluids. In gen-
eral, these models have not been considered robust
enough to be used for regulatory classification of fibers.
However, they have been useful as a first step in inter-
nal screening by the fiber industry in developing new
SVF fiber compositions.
• Calculation of dissolution rate based on composi-


tion. Models exist to calculate fiber dissolution rate
directly from composition for a wide range of glass
wool and stone wool compositions.


• Measurement of dissolution rate in a cell-free sys-
tem. The most widely used methods are based
on chemical analysis of the dissolution fluid for
one or more of the dissolving fiber components in
a dynamic flow-through system, but flow-through
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methods based on measurement of mass loss or fiber
diameter reduction have also been developed and
used. Interlaboratory comparisons have shown con-
sistency within laboratories but high interlaboratory
variation. Several studies have shown a good corre-
lation between the results of in vitro, cell-free disso-
lution measurements and fiber durability in the lung
(Sebastian et al., 2002; Guldberg et al., 2003).


Other Relevant Properties. Physicochemical parameters
that may be useful in further characterizing some types of fibers
are the extension of the exposed surface and surface activity.


• Surface area. The specific surface can be determined
by adsorption of nitrogen at low temperature (BET
method) or, as a rough estimate, from electron mi-
croscopy information on fiber lengths and diameters. It
is useful—when it is the surface of the fiber that deter-
mines the biological response—to provide the evalua-
tion of the doses/exposures in terms of exposed surface,
for comparing the effects of different fiber types.


• Surface activity. Surface activity measurements most
relevant to the potential for fiber toxicity are:
• Free radical generation. The release of free radi-


cals from the fibers in aqueous suspension is mea-
sured in order to determine the part of oxidative stress
caused directly by the fibers without the intervention
of macrophages. Sustained and high free radical re-
lease (ROS mainly) will damage surrounding cells
(lipids, proteins, DNA).


• Ion mobilization. Selective mobilization of transi-
tion metal ions or other moieties from the surface by
chelators indicates that endogenous molecules may
chelate and translocate surface ions to target cells.


Other potentially useful parameters are the extent of surface-
reactive metal ions, the surface charge in a physiological so-
lution, and the degree of hydrophilicity/hydrophobicity, which
governs protein adsorption and denaturation at the fiber surface.


The parameters just described may be helpful for further
characterization, particularly in the case of crystalline and bio-
durable, noncrystalline inorganic fibers or surface-treated inor-
ganic fibers.


For organic fibers, in the absence of metal impurities, hy-
drophobicity and surface charge are important; no data are avail-
able so far on the generation of free radicals.


Comment. There is currently no single physicochemical pa-
rameter that can be used to predict toxicity and carcinogenicity
for all fiber classes. For silica-based vitreous fibers, fiber dimen-
sions and biodurability have been shown to be correlated with
persistent inflammation, lung fibrosis, lung cancer, and mesothe-
lioma. Chemical composition is an important determinant of bio-
durability for this class of fibers. For durable natural inorganic
fibers, including asbestos and erionite, mobilization of reactive


transition metals, the ability to participate in redox reactions,
and hydrophilicity are additional physicochemical properties
that have been associated with biologic reactivity and cellular
toxicity. For some natural inorganic fibers such as erionite, the
physicochemical basis for fiber potency in induction of mesothe-
liomas is not completely understood. For nonvitreous synthetic
fibers, such as silicon carbide, there is even less understanding
about the physicochemical basis for fiber cellular toxicity and
potent carcinogenicity in experimental animals. The important
physicochemical parameters for organic fibers are not under-
stood. These fibers may contain compounds that could affect
the immune system. If these or other parameters are proven to
be important, then their measurement should form part of the
physicochemical testing strategy.


7.2. In Vitro Toxicity Tests
Many in vitro toxicity studies have been developed; however,


due to the limitations outlined next, current in vitro test systems
have limited usefulness for hazard identification or characteri-
zation of dose-response. For some fibers, these tests may help
to identify and evaluate possible mechanisms involved in fiber
pathogenesis. Mechanistic pathways can be elucidated using
in vitro test systems and then validated in animal models. Such
mechanistic information should be viewed as a complement to
in vivo data for risk assessment and not part of recommended
routine testing requirements.


Several endpoints that monitor the in vitro toxicity and reac-
tivity of fibers have been described in section 6.5. In vitro studies
can be performed using a number of target cells from unexposed
or fiber-exposed animals. Cells of interest include:


1. Pulmonary macrophages—These lung cells are the first line
of defense against inhaled particles. Phagocytosis of particles
is a critical step in pulmonary clearance. Long fibers, too large
to be engulfed, result in frustrated phagocytosis, chronic re-
lease of mediators, and failed clearance. Interaction of fibers
with pulmonary macrophages results in the generation of ox-
idants, inflammatory cytokines, and growth factors, which
are believed to play critical roles in fiber-induced disease.
For these reasons, pulmonary macrophages are a common
target cell for in vitro studies.


2. Pleural macrophages—In the case of pleural disease, the
pleural macrophage is believed to be critical in phagocytosis
and clearance of fibers, which enter the intrapleural space.
As with pulmonary macrophages, these phagocytes are be-
lieved to be an important source of fiber-induced oxidants,
inflammatory cytokines, and growth factors.


3. Bronchial epithelial cells—Fibers preferentially deposit at
the bifurcations of the terminal and respiratory bronchi-
oles. Therefore, bronchial epithelial cells are a target. Fiber-
induced proliferation and mediator production by exposed
bronchial epithelial cells are believed to play a role in fiber
pathogenesis.
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4. Alveolar epithelial cells—Alveolar type II epithelial cell have
been shown to produce oxidants and cytokines in response
to fiber exposure. Thus, a role in fiber-induced lung disease
has been proposed.


5. Mesothelial cells—Proliferation of mesothelial cells is a hall-
mark of mesothelioma. Therefore, the effects of fibers on cell
growth regulation in mesothelial cells is of interest.


6. Fibroblasts—This alveolar interstitial cell is the source of
collagen associated with fiber-induced interstitial fibrosis.
Regulation of fibroblast proliferation and secretion of ex-
tracellular matrix components is a critical step in fibrotic
disease.


7. Cocultures—It is becoming clear that mediators from one
type of lung cell can affect the activity and proliferation of
another type of lung cell. Such cross-talk plays an impor-
tant role in the initiation and progression of fiber-induced
disease. Therefore, evaluation of the effects of fibers on ep-
ithelial cell/macrophage cocultures or fibroblast/macrophage
cocultures is of interest.


Endpoints that are commonly evaluated in studies in vitro
with fibers include:


1. Cell death—Both apoptosis and necrosis are of interest.
2. Metabolism—Effects of fibers on the generation of oxidants


as well as the effect of organic chemicals absorbed on fibers
on induction of cytochrome P-450 metabolic pathways have
been studied.


3. Phagocytosis—The effects of fiber length on frustrated
phagocytosis make up a subject of great interest, since this
is believed to impact fiber clearance and toxicity.


4. Proliferation—Disregulation of cell growth is believed to
play a role in fibrosis (fibroblasts), lung cancer (airway ep-
ithelial cells), and mesothelioma (mesothelial cells).


5. ROS/RNS—Reactive oxygen and nitrogen species have
been implicated in DNA damage and induction of inflam-
matory cytokines and growth factors.


6. Chromosomal damage—Fiber-induced oxidants have been
linked to chromosomal damage. In addition, fibers have
been shown to interfere with mitotic spindles.


7. Signal transduction pathways—Such pathways regulate the
production of message for inflammatory cytokines, growth
factors, and regulators of the cell cycle. These transcription
signals are sensitive to oxidants, which may be generated
by fibers produced during the phagocytosis of fibers.


8. Chemotaxis—Localized influx of inflammatory cells may
occur at fiber deposition sites and result in localized oxi-
dant/inflammatory stress.


9. Inflammatory mediator gene expression—Activation of
promoter genes for cytokines, such as TNF-α, has been
reported in response to fiber exposure in vitro.


10. Genotoxicity—Fiber-induced DNA damage in combination
with disregulation of the cell cycle could result in prolifer-
ation of mutated cells.


Comment. There are several issues that limit the usefulness
of in vitro tests for toxicity screening of fibers. For example,
short-term in vitro assays of biological activity cannot allow
for differences in biopersistence of fibers, and as a result, some
nonbiopersistent fibers that are not pathogenic in vivo are posi-
tive in short-term in vitro tests (Hesterberg et al., 1983; Ye et al.,
1999). In vitro cellular assays, in fact, have several technical
limitations:


1. High doses of fibers are used to obtain a positive response;
it is difficult to extrapolate from these high-dose, short-term
exposures to low-dose, chronic exposures in vivo.


2. Fiber dose in cellular assays is often expressed in terms of
mass of fibers rather than numbers of fibers, creating a major
problem in relating in vitro to in vivo dose. In fact, number
of long (>20 µm) fibers is a better dose metric to use in com-
paring potency between fiber types. Number of long fibers
per cell is the optimal expression of dose, but number of long
fibers per unit surface area of the culture dish is an acceptable
alternative.


3. In vitro endpoints (e.g., release of inflammatory mediators,
activation of transcription factors, induction of cell prolifer-
ation or apoptosis) are measured after a few hours or days,
while in vivo responses to biopersistent fibers are sustained
over several weeks or months. These endpoints have not been
validated as screening assays that are predictive of long-term
pathological effects in vivo.


4. The target cells used in short-term cellular assays are dif-
ficult to standardize and maintain. Stable primary cultures
of mesothelial cells, alveolar cells, or terminal bronchial ep-
ithelial cells are not widely available. Cell lines used in the
published in vitro studies have been derived from human lung
tumors (e.g., A549 cells), spontaneously immortalized cells,
or cells transfected with viral oncoproteins (e.g., Met5A)
that may alter their genotoxic, apoptotic, or proliferative
responses.


With the recent introduction of cDNA microarray assays,
gene expression profiles of mesotheliomas in rodents and hu-
mans have been generated. This technique has not yet been
applied to lung tumors induced by asbestos or other fibers.
Genomics and proteomics may eventually lead to identifica-
tion of more specific biomarkers for fiber-induced lung cancer
and malignant mesothelioma. Currently, no specific molecular
biomarkers have yet been identified. Although quantitative poly-
merase chain reaction (PCR) assays for gene amplification and
expression have been recently developed, these assays are dif-
ficult to apply to heterogeneous cell populations. Isolation of
specific preneoplastic and early neoplastic cell populations from
the lung requires highly specialized techniques (e.g., laser cap-
ture microdissection) that will be difficult to adapt for routine
screening assays.


In conclusion, current in vitro test systems have limited
usefulness for hazard identification or determination of dose
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response. However, they may be useful tools to identify and
evaluate possible mechanisms involved in fiber pathogenesis.
Mechanistic pathways can be elucidated using in vitro test sys-
tems and then validated in animal models. Such mechanistic
information should be viewed as a scientific complement to in
vivo data for risk assessment.


7.3a. Short-Term In Vivo Animal Studies: Fiber
Endpoints


As reflected in the proposed testing strategies (Figures 6 and
7), the fiber sample to be tested should be well characterized
physically and chemically (section 7.1) with appropriate fiber
dimensions for the in vivo studies (e.g., rodent-respirable with a
significant fraction longer than 20 µm for SVFs, but also relevant
to human exposures). When special preparation of fiber samples
is necessary to obtain test materials that are rodent respirable,
it is important to be certain that the chemical composition and
other inherent characteristics of the fibers have not changed.


Key Parameter


• Biopersistence. Measuring the biopersistence of a fiber
in the lung is important in characterizing the retained
dose. Biopersistence measurements have to be stan-
dardized, as the results are highly dependent on the
type of application (inhalation or intratracheal instilla-
tion), the diameter and length distribution of the test
sample, the observation period (timing of scheduled
sacrifices), the statistics used for the evaluation of the
half-time (see Comment below), and the fiber length
selected as the basis for the calculation (e.g., fibers
>5 µm or >20 µm). In the European Union, special
guidelines have been developed to determine bioper-
sistence after inhalation and intratracheal instillation
in rats, which clearly specify the fiber preparation, ex-
posure, and testing parameters in order to provide a
highly standardized reproducible protocol for regula-
tory use. Biopersistence can be measured in a separate
short-term study (e.g., 5-day inhalation exposure), or
in the subchronic inhalation toxicity study by including
subgroups for assessment of lung fiber burden after a
5-day exposure, at exposure termination (1–3 mo), and
at the end of the postexposure recovery period.


Other Parameter


• Pleural fiber burden. Principally, the number of re-
tained fibers in the pleura can be determined by special
techniques. However, the number is expected to be very
low after a 5-day inhalation exposure and might be not
very meaningful. (After 180 days, the number that have
migrated to the pleura may be sufficient to be a useful
measure.)


Comment. Short-term in vivo assays to measure the re-
tained dose of fibers in the lung after intratracheal instillation


or inhalation have been developed and validated for silica-based
vitreous fibers. For this class of fibers, fiber length is a major
determinant of carcinogenicity. Experimental data are limited
for other classes of synthetic or organic fibers. However, in con-
sideration of additional factors that can contribute to persistent
inflammation and fibrosis, the role of shorter fibers and particu-
lates should be evaluated more thoroughly.


A major data gap in the current short-term in vivo assays using
natural or synthetic inorganic fibers is the paucity of information
on fiber burden and biologic responses in the pleural space and
mesothelial lining. The biologic and toxicologic responses of
different macrophage populations (alveolar vs. pleural, resident
vs. elicited) must be investigated.


Clearance of poorly soluble particles and fibers is much
slower from the alveolar region of the respiratory tract than from
the ciliated tracheobronchial region. After a short-term exposure
in rats, a significant fraction of the fibers is typically deposited
in the tracheobronchial region, and the majority of these fibers
are rapidly removed by ciliary clearance. This fraction of fibers
does contribute to the fast phase of a biphasic lung clearance. For
hazard assessment, the slow phase is most relevant and should
be evaluated rather than using a weighted half-time of the fast
and the slow clearance. However, if only a small fraction (<5%)
of the total fiber burden is in the slower clearance component,
the weighted half-time may be appropriate.


7.3b. Short-Term In Vivo Animal Studies:
Toxicological Endpoints


For short-term in vivo testing of fibers for toxicological end-
points the inhalation route is preferred, since it is the most phys-
iologically based. However, for test fibers available only in low
numbers intratracheal instillation is an acceptable alternative
mode of delivery, provided that low doses similar to those achiev-
able by inhalation are used and provided that appropriate meth-
ods are employed to control and assess possible agglomeration
of fibers which can result in artifacts. In either case, the exposure
should deliver sufficient long fibers to avoid a false negative. In
the case of inhalation exposure this requires a minimum expo-
sure duration of 1 mo and preferably 3 mo. The European Com-
mission 90-day inhalation protocol (European Commission,
1999b) recommends 150 fibers/cm3 with length greater than
20 µm as the highest of 3 exposure levels in studies of synthetic
mineral fibers. A recovery period of at least 3 mo should also be
included as part of the study to evaluate the persistence or recov-
ery of key parameters. The key parameters have been validated in
the 90-day study for SVFs and asbestos, but the validity for other
classes of fibers is less defined and requires further research. In
general, further work to validate and standardize this most im-
portant subchronic inhalation toxicology study is recommended.


Key Parameters. At various time points throughout the ex-
posure period and postexposure, the following endpoints should
be evaluated to assess potential toxic effects in the lungs.
These endpoints are in common use, and their interpretation is
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generally based on a significant difference from control lungs.
During the recovery period the key parameters should return
toward baseline for nonpersistent, nontoxic fibers.


• Lung weight. This parameter provides a direct, if insen-
sitive, measure of treatment-related change that reflects
edema/inflammation or fibrosis.


• Bronchoalveolar lavage (BAL) profile. This method
samples the cells and fluid from the bronchoalveolar
space and allows the assessment of inflammation by
quantification of cell numbers and types and compo-
nents of the fluid phase. In addition, considerable extra
information can be gained by various ex vivo manipu-
lations of the BAL cells (e.g., gene expression, phago-
cytic potential, etc.).


• Proliferation. Increased cell division plays a key role in
pathological response and can be determined in epithe-
lial or mesothelial cells by uptake of labeled nucleotide
precursors, such as tritiated thymidine or BrdU.


• Fibrosis. Fibrosis can be determined in lung tissue by
measurement of hydroxyproline in lung extracts, by
specific staining of collagen in histopathological slides,
or by qualitative and quantitative histopathology. How-
ever, the hydroxyproline technique is not accurate in
detecting small amounts of fibrosis, as is likely to be
the case here, so this may be of limited value. Confocal
microscopy has been shown to be a sensitive technique
for evaluation of fibrosis.


• Histopathology. Description of the general effects of
treatments on the lungs should include endpoints such
as presence of dust-laden macrophages, cellular infil-
trates, and hyperplastic change in the epithelium. The
Wagner scale represents a tried-and-tested method for
quantifying such change.


Other. Other assays identified as having the potential to
provide additional information in short-term exposure stud-
ies include: 8-hydroxy-deoxyguanosine; HPRT mutation; BAL
leukocyte function ex vivo; pleural lavage profile; pleural leuko-
cyte function ex vivo; and clearance of tagged particles.


Comment. The most commonly used endpoints in short-
term in vivo assays are inflammation, cell proliferation, and fi-
brosis; however, newer endpoints may provide additional, useful
information.


Inflammatory and immunological reactions in the lungs and
pleura may potentially amplify the toxicity of inhaled fibers,
leading to fibrosis. Persistent inflammatory responses may also
contribute to oxidant stress and secondary genetic and epige-
netic changes associated with carcinogenicity. These parame-
ters have been evaluated primarily in the rat. The potential for
organic fibers to elicit immunological responses has not been
evaluated. Whether asbestosis contributes to the development
of lung cancer in humans is controversial, although lung fibro-
sis has been closely correlated with lung tumors in chronic rat
inhalation assays. Adaptive responses (induction of antioxidant


defenses and lung cell proliferation) have been documented in
short-term inhalation assays in rats exposed to asbestos fibers
(Quinlan et al., 1995; Bellmann et al., 2003). These adaptive
responses may alter the rate of development of lung tumors or
mesotheliomas.


Because the persistent nature of the lesions and the fiber bur-
den of the most hazardous fibers are critical to the evaluation
of the potential toxicity of a fiber type, the study design should
include a recovery group of animals. This is typically accom-
plished by including as part of the core group of exposed animals,
a group that is held unexposed for at least 3 mo, and possibly
up to 12 mo, postexposure. The key parameters evaluated in the
recovery animals will be typically dictated by the findings at
the end of the exposure, although most of those just listed are
usually required. Comparison of postrecovery lung fiber burden
with that at exposure termination is also recommended. Specific
time points for evaluation during the recovery period will vary
with the type of fiber being studied.


This recovery period is necessary to determine whether ef-
fects seen at the highest concentration of a three-dose sub-
chronic study will persist, progress, or regress. For example,
even a biosoluble fiber may show significant effects at the end of
a 3-mo exposure, including some fibrosis, which will regress in a
subsequent recovery period. In contrast, similar effects induced
by a biopersistent fiber will progress or persist.
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Fubini, B., and Otero-Aréan, C. 1999. Chemical aspects of the toxicity
of inhaled mineral dusts. Chem. Soc. Rev. 28:373–381.


Fubini, B., Mollo, L., and Giamello, E. 1995. Free radical generation
at the solid/liquid interface in iron containing minerals. Free Radical
Res. 23:593–614.
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Bibliographic ID Sealing Technology 2007; 6:9-10

Asian context In many industrial chemical fields, gaskets are used to prevent liquids and gases from
leaking from the pipe connections in the production processes at high temperatures.
The article introduces a good example of substitute for asbestos-containing gasket.
Efforts for development of asbestos substitutes will encourage Asian countries to take
into account a ban of asbestos.

Critical appraisal Performance tests of the gasket were carried out to evaluate ease in handling, powder-off
properties, and adhesion to flanges. The test proved that this gasket material maintains good seal
performance even after exposure to temperatures up to 420°C. But a verification test is currently
being conducted in the high temperature piping division of actual petrochemical plants.

Unique keywords

Introduction

Abstract Background: In the field of gaskets and packing, asbestos production is
scheduled to be banned completely in Japan by 2008. The Research Center
for Compact Chemical Process of the National Institute of Advanced
Industrial Science and Technology (AIST) and Japan Matex Co. Ltd. have
combined a heat-resistant clay membrane and exfoliated graphite, a
conventional material, to develop a non-asbestos gasket.

Objective: This article describes the development of a non-asbestos gasket
that is easy to handle and extensively applicable. It is composed of exfoliated
graphite and a clay membrane that make it suitable for applications across a
wide temperature range in a variety of chemical processing and power plants.

No./Title 5. The development of a substitute for asbestos 
gasket material

National Institute of Advanced Industrial Science and Technology (AIST)Author/Contributor
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Points


Made of harmless and environmentally-friendly materials, it is free from asbestos, of which production will be totally 
prohibited by 2008. 


•


Composed of exfoliated graphite and a clay membrane that allows for use in a wide temperature range between -240°C and 
420°C. 


•


Suitable for a wide variety of applications in facilities such as chemical plants like oil refineries and heat power plants. •


Summary


Takeo Ebina (Senior Researcher) of Research Center for Compact Chemical Process (Director: Fujio Mizukami) of the National Institute of Advanced 
Industrial Science and Technology (President: Hiroyuki Yoshikawa) (hereinafter referred to as AIST) and Japan Matex Co., Ltd. (President: Katsuro 
Tsukamoto) have combined a heat-resistant clay membrane and exfoliated graphite – a conventional material of gaskets – to develop a new gasket that 
is superior to existing nonasbestos products in terms of heat resistance, durability, and chemical resistance in addition to offering the same ease in 
handling as asbestos products.


This gasket offers a wide range of applications in facilities, such as chemical plants like oil refineries and heat power plants, taking advantage of its 
ease in handling and thermostability. It has already obtained excellent results from the verification tests conducted in petrochemical plants.


This product is a result of the “Emergency Project to Develop Key Technology for the Reduction of Asbestos” (Development of High-Temperature 
Nonasbestos Gasket and Packing) project of the New Energy and Industrial Technology Development Organization (NEDO).


Social Background of Research


In many industrial chemical fields, gaskets are used to prevent liquids and gases from leaking from the pipe connections in the production processes at 
high temperatures. Asbestos has widely been used to prevent leakage in high temperature sections, but the health hazards caused by asbestos have 
promoted the necessity to work out emergency measures. In the field of gaskets and packing, asbestos producion is scheduled to be banned completely 
by 2008. However, the development of substitutions is under way without the establishment of evaluation methods for safety and reliability. Under 
these circumstances, the development of nonasbestos products with the same performance and ease in handling is desired.


Nonasbestos products have limited heat resistance because they generally contain rubber. Gaskets made of exfoliated graphite have been used because 
they have a certain degree of heat resistance and excellent pressure tightness in addition to allowing for long storage and easy processing. However, 
graphite powder comes off the product surface because of poor binding between graphite powders, which then contaminate the interiors of the pipes.


In addition, clipping an exfoliated graphite gasket by a flange to replace it with a new one results in fixation between the graphite and the flange 
surface. This fixation is not easily undone, which makes piping maintenance a time-consuming job. To make up for this shortcoming, the surface of 
the graphite was coated with a resin. This product, however, can only be used at temperatures below 300°C because the resin has a low degree of heat 
resistance. At the same time, as one of the characteristics of graphite, the gasket thins down because as a result of oxygen degradation from oxygen in 
the atmosphere at temperatures above 400°C, making it no longer usable because of the decreased sealing ability. 


History of Research


AIST announced the successful development of Claist – a clay membrane of uniform thickness without a pinhole – in August 2004. Claist is a flexible 
gas barrier membrane material with high heat resistance that densely accumulates clay crystals about 1 nm thick. (One nanometer is one billionth of 
one meter.) Concurrently, Japan Matex, a producer and marketer of exfoliated graphite gaskets, proposed that an exfoliated graphite product be 


1/2 ページThe Successful Development of a Gasket Substitute for Asbestos


3/5/2012http://www.aist.go.jp/aist_e/latest_research/2007/20070206/20070206.html







combined with Claist and started the basic research (Commercialization of Composite Material of Clay and Exfoliated Graphite) to assist regional 
medium-sized companies in 2005. 


In 2006, NEDO started the “Emergency Project to Develop Key Technology for the Reduction of Asbestos” (Development of High-Temperature 
Nonasbestos Gaskets and Packing), and has been working on the development of production technology, examinations for product evaluation, and 
evaluation tests at actual plants. 


Details of Research


We have developed the technology to form a protective, heat-resistant membrane on the surface of exfoliated graphite with Claist. After selecting 
several natural clay materials with excellent adhesion to exfoliated graphite, we blended them and added a small amount of organic binder for 
homogeneous water dispersion to prepare an optimum coating paste. We have also developed the production technology for composite gaskets with a 
uniform coated layer by optimizing the detailed conditions of the dip coating method. Unlike asbestos, which has needle-shaped crystals, the clay we 
selected for this research is harmless to humans because it has flat crystals.


Next, we conducted performance tests of the gasket and obtained excellent results in every test regarding ease in handling, powder-off properties, and 
fixation. The seal test proved that this gasket maintains excellent seal performance even after high-temperature processing at temperatures up to 420°
C. This gasket can be used at temperatures down to -240°C as well. This gasket complies with JIS R3453:2001 “Joint Seat” standards in tensile, 
relaxation, and bend tests. A verification test conducted in the high temperature piping division of actual petrochemical plants is currently under way. 
The results of a short-term evaluation are excellent, and the efforts to obtain long-term evaluation results are in progress.


Future Schedule


In addition to conducting even a wider range of performance evaluation tests, we will continue our efforts in improving the long-term reliability and 
expand the fields of application to the auto industry and power plant industry in addition to the chemical plant industry.
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Bibliographic ID

Asian context The patents provide good examples for asbestos substitutes including technologies
applied and development method. These efforts for development of asbestos
substitutes will encourage Asian countries to take into account a ban of asbestos.

Critical appraisal Development of available asbestos substitutes will facilitate efforts of international
society to eliminate asbestos-related disease.

Unique keywords

Introduction

Abstract Background: Recently the demand for asbestos free materials has increased.
Asbestos-containing materials such as gaskets, brake linings, pneumatic
tires, conveyor belts, timing belts, power transmission coupling, shock
absorbers, sealants, and paints are well known and have achieved significant
commercial success. However, health hazard problems of asbestos fibers
have made related industries search for replacement composition.

Objective: The patents describe several asbestos substitutes such as
manufacture of asbestos-free friction facing material (Patent No. 4631209),
method for manufacturing a reinforcing element for asbestos free friction
material (Patent No. 4924566, Date of Patent: May 15, 1990), fiber blend for
low cost, asbestos free friction material (Patent No. 5508109), asbestos-free
gaskets and the like containing blends of organic fibrous and particulate
components (Patent No. 5472995), soft asbestos-free sealing material
(Patent No. 5437920), asbestos-free roof coatings (Patent No. 5693133) and
polymer based backing plates for railway brake shoes and disc pads (Patent
No. 6474452).

No./Title 6~12. United State patents related to technology
and development of asbestos-free materials
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Bibliographic ID  UN UNEP/FAO/RC/COP.4/INF/16; 2008 Oct 9 (8–12 November 2005, Lyon, France)

Asian context The survey results provide important information for Asian countries preparing a ban of
asbestos. Especially the results of hazard assessment for the 15 substitutes will provide
Asian countries with guidance for selecting asbestos substitutes.

Critical appraisal The WHO is actively involved in evaluating alternatives. The report is providing useful information about evaluation principles
and examples for asbestos substitutes. The workshop developed general principles for the evaluation of chrysotile asbestos
substitutes. The workshop decided to group substitutes roughly into hazard groupings of high, medium and low. However for
some substitutes there was insufficient information to draw any conclusion on hazard and in this case the workshop
categorized the hazard as indeterminate. The hazard groups high, medium and low should be considered in relation to each
other, and did not have reference to formal criteria or definitions, as such.

Unique keywords

Introduction

Abstract Background: The WHO workshop on mechanisms of fibre carcinogenesis
and assessment of chrysotile asbestos substitutes was convened at IARC in
Lyon, in response to a request from the Intergovernmental Negotiating
Committee (INC) for the Rotterdam Convention on the prior informed consent
procedure for certain hazardous chemicals and pesticides in international
trade.

Objective: The workshop established a framework for hazard assessment
based on: epidemiologic data (whether data are sufficient to determine
carcinogenicity); in vivo animal data (whether there is a indication of
carcinogenicity or lung fibrosis); mechanistic information (whether critical
indictors of carcinogenicity exist, e.g. positive results for genotoxicity in in
vitro tests); and physico-chemical and biopersistence data as determinants of
dose at the target site and possible indicators of carcinogenic potential. The
workshop conducted the hazard assessment of the 15 chrysotile substitutes
focusing on lung cancer, mesothelioma and lung fibrosis.

No./Title 13. Report of the World Health Organization
workshop on mechanisms of fibre carcinogenesis
and assessment of chrysotile asbestos substitutes

United Nations (UN)Author/Contributor
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Bibliographic ID 14. vol. 68. Lyon: The Agency; 1997
15. vol. 81. Lyon: The Agency; 2002

Asian context The Monographs provide useful information about various types of asbestos substitutes, such as attapulgite,
sepiolite, wollastonite, zeolites, para-Aramid and man-made vitreous fibres. The information includes
“chemical and physical properties”, “production and use”, “occurrence and exposure”, “regulation and
guidelines”, “studies of cancer in humans”, “studies of cancer in experimental animals”, “other data relevant to
an evaluation of carcinogenicity and its mechanisms” with reference information.

Critical appraisal The IARC Monographs will be a basic reference on research or project concerning
asbestos substitutes.

Unique keywords

Introduction

Abstract Background: ln 1969, the International Agency for Research on Cancer
(IARC) initiated a programme to evaluate the carcinogenic risk of chemicals
to humans and to produce monographs on individual chemicals. The
Monographs programme has since been expanded to include consideration
of exposures to complex mixtures of chemicals and of exposures to asbestos
substitutes, such as some silicates, para-aramid fibrils and man-made
vitreous fibres.

Objective: The objective of the programme is to elaborate and publish in the
form of monographs critical reviews of data on carcinogenicity for agents to
which humans are known to be exposed and on specific exposure situations;
to evaluate these data in terms of human risk with the help of international
working groups of experts in chemical carcinogenesis and related fields; and
to indicate where additional research efforts are needed.

No./Title 14. IARC Monographs on the evaluation of carcinogenic risk to 
humans: silica, some silicates, coal dust and para-aramid fibrils
15. IARC Monographs on the evaluation of carcinogenic risk to
humans: man-made vitreous fibres

International Agency for Research on Cancer (IARC)Author/Contributor
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The term ‘carcinogenic risk’ in the IARC Monographs series is taken to mean the
probability that exposure to an agent will lead to cancer in humans.


Inclusion of an agent in the Monographs does not imply that it is a carcinogen, only
that the published data have been examined. Equally, the fact that an agent has not yet
been evaluated in a monograph does not mean that it is not carcinogenic.


The evaluations of carcinogenic risk are made by international working groups of
independent scientists and are qualitative in nature. No recommendation is given for
regulation or legislation.


Anyone who is aware of published data that may alter the evaluation of the carcino-
genic risk of an agent to humans is encouraged to make this information available to the
Unit of Carcinogen Identification and Evaluation, International Agency for Research on
Cancer, 150 cours Albert Thomas, 69372 Lyon Cedex 08, France, in order that the agent
may be considered for re-evaluation by a future Working Group.


Although every effort is made to prepare the monographs as accurately as possible,
mistakes may occur. Readers are requested to communicate any errors to the Unit of
Carcinogen Identification and Evaluation, so that corrections can be reported in future
volumes.
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1. BACKGROUND


In 1969, the International Agency for Research on Cancer (IARC) initiated a pro-
gramme to evaluate the carcinogenic risk of chemicals to humans and to produce mono-
graphs on individual chemicals. The Monographs programme has since been expanded
to include consideration of exposures to complex mixtures of chemicals (which occur,
for example, in some occupations and as a result of human habits) and of exposures to
other agents, such as radiation and viruses. With Supplement 6 (IARC, 1987a), the title
of the series was modified from IARC Monographs on the Evaluation of the Carcino-
genic Risk of Chemicals to Humans to IARC Monographs on the Evaluation of Carcino-
genic Risks to Humans, in order to reflect the widened scope of the programme.


The criteria established in 1971 to evaluate carcinogenic risk to humans were
adopted by the working groups whose deliberations resulted in the first 16 volumes of
the IARC Monographs series. Those criteria were subsequently updated by further ad-
hoc working groups (IARC, 1977, 1978, 1979, 1982, 1983, 1987b, 1988, 1991a; Vainio
et al., 1992).


2. OBJECTIVE AND SCOPE


The objective of the programme is to prepare, with the help of international working
groups of experts, and to publish in the form of monographs, critical reviews and eva-
luations of evidence on the carcinogenicity of a wide range of human exposures. The
Monographs may also indicate where additional research efforts are needed.


The Monographs represent the first step in carcinogenic risk assessment, which
involves examination of all relevant information in order to assess the strength of the avai-
lable evidence that certain exposures could alter the incidence of cancer in humans. The
second step is quantitative risk estimation. Detailed, quantitative evaluations of epidemio-
logical data may be made in the Monographs, but without extrapolation beyond the range
of the data available. Quantitative extrapolation from experimental data to the human
situation is not undertaken.


The term ‘carcinogen’ is used in these monographs to denote an exposure that is
capable of increasing the incidence of malignant neoplasms; the induction of benign neo-


IARC MONOGRAPHS PROGRAMME ON THE EVALUATION
OF CARCINOGENIC RISKS TO HUMANS
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plasms may in some circumstances (see p. 19) contribute to the judgement that the expo-
sure is carcinogenic. The terms ‘neoplasm’ and ‘tumour’ are used interchangeably. 


Some epidemiological and experimental studies indicate that different agents may act
at different stages in the carcinogenic process, and several mechanisms may be involved.
The aim of the Monographs has been, from their inception, to evaluate evidence of carci-
nogenicity at any stage in the carcinogenesis process, independently of the underlying
mechanisms. Information on mechanisms may, however, be used in making the overall
evaluation (IARC, 1991a; Vainio et al., 1992; see also pp. 25–27). 


The Monographs may assist national and international authorities in making risk
assessments and in formulating decisions concerning any necessary preventive measures.
The evaluations of IARC working groups are scientific, qualitative judgements about the
evidence for or against carcinogenicity provided by the available data. These evaluations
represent only one part of the body of information on which regulatory measures may be
based. Other components of regulatory decisions vary from one situation to another and
from country to country, responding to different socioeconomic and national priorities.
Therefore, no recommendation is given with regard to regulation or legislation,
which are the responsibility of individual governments and/or other international
organizations.


The IARC Monographs are recognized as an authoritative source of information on
the carcinogenicity of a wide range of human exposures. A survey of users in 1988 indi-
cated that the Monographs are consulted by various agencies in 57 countries. About 2500
copies of each volume are printed, for distribution to governments, regulatory bodies and
interested scientists. The Monographs are also available from IARCPress in Lyon and
via the Distribution and Sales Service of the World Health Organization in Geneva.


3. SELECTION OF TOPICS FOR MONOGRAPHS


Topics are selected on the basis of two main criteria: (a) there is evidence of human
exposure, and (b) there is some evidence or suspicion of carcinogenicity. The term
‘agent’ is used to include individual chemical compounds, groups of related chemical
compounds, physical agents (such as radiation) and biological factors (such as viruses).
Exposures to mixtures of agents may occur in occupational exposures and as a result of
personal and cultural habits (like smoking and dietary practices). Chemical analogues
and compounds with biological or physical characteristics similar to those of suspected
carcinogens may also be considered, even in the absence of data on a possible carcino-
genic effect in humans or experimental animals.


The scientific literature is surveyed for published data relevant to an assessment of
carcinogenicity. The IARC information bulletins on agents being tested for carcino-
genicity (IARC, 1973–1996) and directories of on-going research in cancer epide-
miology (IARC, 1976–1996) often indicate exposures that may be scheduled for future
meetings. Ad-hoc working groups convened by IARC in 1984, 1989, 1991, 1993 and
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1998 gave recommendations as to which agents should be evaluated in the IARC Mono-
graphs series (IARC, 1984, 1989, 1991b, 1993, 1998a,b).


As significant new data on subjects on which monographs have already been prepared
become available, re-evaluations are made at subsequent meetings, and revised mono-
graphs are published.


4. DATA FOR MONOGRAPHS


The Monographs do not necessarily cite all the literature concerning the subject of
an evaluation. Only those data considered by the Working Group to be relevant to
making the evaluation are included.


With regard to biological and epidemiological data, only reports that have been
published or accepted for publication in the openly available scientific literature are
reviewed by the working groups. In certain instances, government agency reports that
have undergone peer review and are widely available are considered. Exceptions may
be made on an ad-hoc basis to include unpublished reports that are in their final form
and publicly available, if their inclusion is considered pertinent to making a final
evaluation (see pp. 25–27). In the sections on chemical and physical properties, on
analysis, on production and use and on occurrence, unpublished sources of information
may be used.


5. THE WORKING GROUP


Reviews and evaluations are formulated by a working group of experts. The tasks of
the group are: (i) to ascertain that all appropriate data have been collected; (ii) to select
the data relevant for the evaluation on the basis of scientific merit; (iii) to prepare
accurate summaries of the data to enable the reader to follow the reasoning of the
Working Group; (iv) to evaluate the results of epidemiological and experimental studies
on cancer; (v) to evaluate data relevant to the understanding of mechanism of action; and
(vi) to make an overall evaluation of the carcinogenicity of the exposure to humans.


Working Group participants who contributed to the considerations and evaluations
within a particular volume are listed, with their addresses, at the beginning of each publi-
cation. Each participant who is a member of a working group serves as an individual
scientist and not as a representative of any organization, government or industry. In
addition, nominees of national and international agencies and industrial associations may
be invited as observers. 


6. WORKING PROCEDURES


Approximately one year in advance of a meeting of a working group, the topics of
the monographs are announced and participants are selected by IARC staff in consul-
tation with other experts. Subsequently, relevant biological and epidemiological data are
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collected by the Carcinogen Identification and Evaluation Unit of IARC from recognized
sources of information on carcinogenesis, including data storage and retrieval systems
such as MEDLINE and TOXLINE.


For chemicals and some complex mixtures, the major collection of data and the pre-
paration of first drafts of the sections on chemical and physical properties, on analysis,
on production and use and on occurrence are carried out under a separate contract funded
by the United States National Cancer Institute. Representatives from industrial asso-
ciations may assist in the preparation of sections on production and use. Information on
production and trade is obtained from governmental and trade publications and, in some
cases, by direct contact with industries. Separate production data on some agents may not
be available because their publication could disclose confidential information. Infor-
mation on uses may be obtained from published sources but is often complemented by
direct contact with manufacturers. Efforts are made to supplement this information with
data from other national and international sources.


Six months before the meeting, the material obtained is sent to meeting participants,
or is used by IARC staff, to prepare sections for the first drafts of monographs. The first
drafts are compiled by IARC staff and sent before the meeting to all participants of the
Working Group for review.


The Working Group meets in Lyon for seven to eight days to discuss and finalize the
texts of the monographs and to formulate the evaluations. After the meeting, the master
copy of each monograph is verified by consulting the original literature, edited and pre-
pared for publication. The aim is to publish monographs within six months of the
Working Group meeting.


The available studies are summarized by the Working Group, with particular regard
to the qualitative aspects discussed below. In general, numerical findings are indicated as
they appear in the original report; units are converted when necessary for easier compa-
rison. The Working Group may conduct additional analyses of the published data and use
them in their assessment of the evidence; the results of such supplementary analyses are
given in square brackets. When an important aspect of a study, directly impinging on its
interpretation, should be brought to the attention of the reader, a comment is given in
square brackets.


7. EXPOSURE DATA


Sections that indicate the extent of past and present human exposure, the sources of
exposure, the people most likely to be exposed and the factors that contribute to the
exposure are included at the beginning of each monograph.


Most monographs on individual chemicals, groups of chemicals or complex mixtures
include sections on chemical and physical data, on analysis, on production and use and
on occurrence. In monographs on, for example, physical agents, occupational exposures
and cultural habits, other sections may be included, such as: historical perspectives, des-
cription of an industry or habit, chemistry of the complex mixture or taxonomy. Mono-
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graphs on biological agents have sections on structure and biology, methods of detection,
epidemiology of infection and clinical disease other than cancer.


For chemical exposures, the Chemical Abstracts Services Registry Number, the latest
Chemical Abstracts Primary Name and the IUPAC Systematic Name are recorded; other
synonyms are given, but the list is not necessarily comprehensive. For biological agents,
taxonomy and structure are described, and the degree of variability is given, when
applicable.


Information on chemical and physical properties and, in particular, data relevant to
identification, occurrence and biological activity are included. For biological agents,
mode of replication, life cycle, target cells, persistence and latency and host response are
given. A description of technical products of chemicals includes trade names, relevant
specifications and available information on composition and impurities. Some of the
trade names given may be those of mixtures in which the agent being evaluated is only
one of the ingredients.


The purpose of the section on analysis or detection is to give the reader an overview
of current methods, with emphasis on those widely used for regulatory purposes.
Methods for monitoring human exposure are also given, when available. No critical eva-
luation or recommendation of any of the methods is meant or implied. The IARC
published a series of volumes, Environmental Carcinogens: Methods of Analysis and
Exposure Measurement (IARC, 1978–93), that describe validated methods for analysing
a wide variety of chemicals and mixtures. For biological agents, methods of detection
and exposure assessment are described, including their sensitivity, specificity and
reproducibility.


The dates of first synthesis and of first commercial production of a chemical or
mixture are provided; for agents which do not occur naturally, this information may
allow a reasonable estimate to be made of the date before which no human exposure to
the agent could have occurred. The dates of first reported occurrence of an exposure are
also provided. In addition, methods of synthesis used in past and present commercial
production and different methods of production which may give rise to different impu-
rities are described.


Data on production, international trade and uses are obtained for representative
regions, which usually include Europe, Japan and the United States of America. It should
not, however, be inferred that those areas or nations are necessarily the sole or major
sources or users of the agent. Some identified uses may not be current or major appli-
cations, and the coverage is not necessarily comprehensive. In the case of drugs, mention
of their therapeutic uses does not necessarily represent current practice, nor does it imply
judgement as to their therapeutic efficacy.


Information on the occurrence of an agent or mixture in the environment is obtained
from data derived from the monitoring and surveillance of levels in occupational envi-
ronments, air, water, soil, foods and animal and human tissues. When available, data on
the generation, persistence and bioaccumulation of the agent are also included. In the
case of mixtures, industries, occupations or processes, information is given about all
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agents present. For processes, industries and occupations, a historical description is also
given, noting variations in chemical composition, physical properties and levels of occu-
pational exposure with time and place. For biological agents, the epidemiology of
infection is described.


Statements concerning regulations and guidelines (e.g., pesticide registrations,
maximal levels permitted in foods, occupational exposure limits) are included for some
countries as indications of potential exposures, but they may not reflect the most recent
situation, since such limits are continuously reviewed and modified. The absence of
information on regulatory status for a country should not be taken to imply that that
country does not have regulations with regard to the exposure. For biological agents,
legislation and control, including vaccines and therapy, are described.


8. STUDIES OF CANCER IN HUMANS


(a) Types of studies considered


Three types of epidemiological studies of cancer contribute to the assessment of
carcinogenicity in humans—cohort studies, case–control studies and correlation (or
ecological) studies. Rarely, results from randomized trials may be available. Case series
and case reports of cancer in humans may also be reviewed.


Cohort and case–control studies relate the exposures under study to the occurrence
of cancer in individuals and provide an estimate of relative risk (ratio of incidence or
mortality in those exposed to incidence or mortality in those not exposed) as the main
measure of association.


In correlation studies, the units of investigation are usually whole populations (e.g.
in particular geographical areas or at particular times), and cancer frequency is related to
a summary measure of the exposure of the population to the agent, mixture or exposure
circumstance under study. Because individual exposure is not documented, however, a
causal relationship is less easy to infer from correlation studies than from cohort and
case–control studies. Case reports generally arise from a suspicion, based on clinical
experience, that the concurrence of two events—that is, a particular exposure and
occurrence of a cancer—has happened rather more frequently than would be expected by
chance. Case reports usually lack complete ascertainment of cases in any population,
definition or enumeration of the population at risk and estimation of the expected number
of cases in the absence of exposure. The uncertainties surrounding interpretation of case
reports and correlation studies make them inadequate, except in rare instances, to form
the sole basis for inferring a causal relationship. When taken together with case–control
and cohort studies, however, relevant case reports or correlation studies may add
materially to the judgement that a causal relationship is present.


Epidemiological studies of benign neoplasms, presumed preneoplastic lesions and
other end-points thought to be relevant to cancer are also reviewed by working groups.
They may, in some instances, strengthen inferences drawn from studies of cancer itself.
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(b) Quality of studies considered


The Monographs are not intended to summarize all published studies. Those that are
judged to be inadequate or irrelevant to the evaluation are generally omitted. They may
be mentioned briefly, particularly when the information is considered to be a useful
supplement to that in other reports or when they provide the only data available. Their
inclusion does not imply acceptance of the adequacy of the study design or of the
analysis and interpretation of the results, and limitations are clearly outlined in square
brackets at the end of the study description. 


It is necessary to take into account the possible roles of bias, confounding and chance
in the interpretation of epidemiological studies. By ‘bias’ is meant the operation of
factors in study design or execution that lead erroneously to a stronger or weaker asso-
ciation than in fact exists between disease and an agent, mixture or exposure circum-
stance. By ‘confounding’ is meant a situation in which the relationship with disease is
made to appear stronger or weaker than it truly is as a result of an association between
the apparent causal factor and another factor that is associated with either an increase or
decrease in the incidence of the disease. In evaluating the extent to which these factors
have been minimized in an individual study, working groups consider a number of
aspects of design and analysis as described in the report of the study. Most of these consi-
derations apply equally to case–control, cohort and correlation studies. Lack of clarity of
any of these aspects in the reporting of a study can decrease its credibility and the weight
given to it in the final evaluation of the exposure.


Firstly, the study population, disease (or diseases) and exposure should have been
well defined by the authors. Cases of disease in the study population should have been
identified in a way that was independent of the exposure of interest, and exposure should
have been assessed in a way that was not related to disease status.


Secondly, the authors should have taken account in the study design and analysis of
other variables that can influence the risk of disease and may have been related to the
exposure of interest. Potential confounding by such variables should have been dealt with
either in the design of the study, such as by matching, or in the analysis, by statistical
adjustment. In cohort studies, comparisons with local rates of disease may be more
appropriate than those with national rates. Internal comparisons of disease frequency
among individuals at different levels of exposure should also have been made in the
study. 


Thirdly, the authors should have reported the basic data on which the conclusions are
founded, even if sophisticated statistical analyses were employed. At the very least, they
should have given the numbers of exposed and unexposed cases and controls in a
case–control study and the numbers of cases observed and expected in a cohort study.
Further tabulations by time since exposure began and other temporal factors are also
important. In a cohort study, data on all cancer sites and all causes of death should have
been given, to reveal the possibility of reporting bias. In a case–control study, the effects
of investigated factors other than the exposure of interest should have been reported.
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Finally, the statistical methods used to obtain estimates of relative risk, absolute rates
of cancer, confidence intervals and significance tests, and to adjust for confounding
should have been clearly stated by the authors. The methods used should preferably have
been the generally accepted techniques that have been refined since the mid-1970s.
These methods have been reviewed for case–control studies (Breslow & Day, 1980) and
for cohort studies (Breslow & Day, 1987).


(c) Inferences about mechanism of action


Detailed analyses of both relative and absolute risks in relation to temporal variables,
such as age at first exposure, time since first exposure, duration of exposure, cumulative
exposure and time since exposure ceased, are reviewed and summarized when available.
The analysis of temporal relationships can be useful in formulating models of carcino-
genesis. In particular, such analyses may suggest whether a carcinogen acts early or late
in the process of carcinogenesis, although at best they allow only indirect inferences
about the mechanism of action. Special attention is given to measurements of biological
markers of carcinogen exposure or action, such as DNA or protein adducts, as well as
markers of early steps in the carcinogenic process, such as proto-oncogene mutation,
when these are incorporated into epidemiological studies focused on cancer incidence or
mortality. Such measurements may allow inferences to be made about putative mecha-
nisms of action (IARC, 1991a; Vainio et al., 1992).


(d) Criteria for causality


After the individual epidemiological studies of cancer have been summarized and the
quality assessed, a judgement is made concerning the strength of evidence that the agent,
mixture or exposure circumstance in question is carcinogenic for humans. In making its
judgement, the Working Group considers several criteria for causality. A strong asso-
ciation (a large relative risk) is more likely to indicate causality than a weak association,
although it is recognized that relative risks of small magnitude do not imply lack of
causality and may be important if the disease is common. Associations that are replicated
in several studies of the same design or using different epidemiological approaches or
under different circumstances of exposure are more likely to represent a causal relation-
ship than isolated observations from single studies. If there are inconsistent results
among investigations, possible reasons are sought (such as differences in amount of
exposure), and results of studies judged to be of high quality are given more weight than
those of studies judged to be methodologically less sound. When suspicion of carcino-
genicity arises largely from a single study, these data are not combined with those from
later studies in any subsequent reassessment of the strength of the evidence.


If the risk of the disease in question increases with the amount of exposure, this is
considered to be a strong indication of causality, although absence of a graded response
is not necessarily evidence against a causal relationship. Demonstration of a decline in


pp7-32.qxd  06/12/02  15:35  Page 16







PREAMBLE 17


risk after cessation of or reduction in exposure in individuals or in whole populations also
supports a causal interpretation of the findings. 


Although a carcinogen may act upon more than one target, the specificity of an asso-
ciation (an increased occurrence of cancer at one anatomical site or of one morphological
type) adds plausibility to a causal relationship, particularly when excess cancer occur-
rence is limited to one morphological type within the same organ. 


Although rarely available, results from randomized trials showing different rates
among exposed and unexposed individuals provide particularly strong evidence for
causality.


When several epidemiological studies show little or no indication of an association
between an exposure and cancer, the judgement may be made that, in the aggregate, they
show evidence of lack of carcinogenicity. Such a judgement requires first of all that the
studies giving rise to it meet, to a sufficient degree, the standards of design and analysis
described above. Specifically, the possibility that bias, confounding or misclassification
of exposure or outcome could explain the observed results should be considered and
excluded with reasonable certainty. In addition, all studies that are judged to be methodo-
logically sound should be consistent with a relative risk of unity for any observed level
of exposure and, when considered together, should provide a pooled estimate of relative
risk which is at or near unity and has a narrow confidence interval, due to sufficient popu-
lation size. Moreover, no individual study nor the pooled results of all the studies should
show any consistent tendency for the relative risk of cancer to increase with increasing
level of exposure. It is important to note that evidence of lack of carcinogenicity obtained
in this way from several epidemiological studies can apply only to the type(s) of cancer
studied and to dose levels and intervals between first exposure and observation of disease
that are the same as or less than those observed in all the studies. Experience with human
cancer indicates that, in some cases, the period from first exposure to the development of
clinical cancer is seldom less than 20 years; latent periods substantially shorter than 30
years cannot provide evidence for lack of carcinogenicity.


9. STUDIES OF CANCER IN EXPERIMENTAL ANIMALS


All known human carcinogens that have been studied adequately in experimental
animals have produced positive results in one or more animal species (Wilbourn et al.,
1986; Tomatis et al., 1989). For several agents (aflatoxins, 4-aminobiphenyl, azathio-
prine, betel quid with tobacco, bischloromethyl ether and chloromethyl methyl ether
(technical grade), chlorambucil, chlornaphazine, ciclosporin, coal-tar pitches, coal-tars,
combined oral contraceptives, cyclophosphamide, diethylstilboestrol, melphalan, 8-
methoxypsoralen plus ultraviolet A radiation, mustard gas, myleran, 2-naphthylamine,
nonsteroidal estrogens, estrogen replacement therapy/steroidal estrogens, solar radiation,
thiotepa and vinyl chloride), carcinogenicity in experimental animals was established or
highly suspected before epidemiological studies confirmed their carcinogenicity in
humans (Vainio et al., 1995). Although this association cannot establish that all agents
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and mixtures that cause cancer in experimental animals also cause cancer in humans,
nevertheless, in the absence of adequate data on humans, it is biologically plausible
and prudent to regard agents and mixtures for which there is sufficient evidence (see
p. 24) of carcinogenicity in experimental animals as if they presented a carcinogenic
risk to humans. The possibility that a given agent may cause cancer through a species-
specific mechanism which does not operate in humans (see p. 27) should also be taken
into consideration.


The nature and extent of impurities or contaminants present in the chemical or
mixture being evaluated are given when available. Animal strain, sex, numbers per
group, age at start of treatment and survival are reported. 


Other types of studies summarized include: experiments in which the agent or
mixture was administered in conjunction with known carcinogens or factors that modify
carcinogenic effects; studies in which the end-point was not cancer but a defined
precancerous lesion; and experiments on the carcinogenicity of known metabolites and
derivatives.


For experimental studies of mixtures, consideration is given to the possibility of
changes in the physicochemical properties of the test substance during collection,
storage, extraction, concentration and delivery. Chemical and toxicological interactions
of the components of mixtures may result in nonlinear dose–response relationships. 


An assessment is made as to the relevance to human exposure of samples tested in
experimental animals, which may involve consideration of: (i) physical and chemical
characteristics, (ii) constituent substances that indicate the presence of a class of
substances, (iii) the results of tests for genetic and related effects, including studies on
DNA adduct formation, proto-oncogene mutation and expression and suppressor gene
inactivation. The relevance of results obtained, for example, with animal viruses
analogous to the virus being evaluated in the monograph must also be considered. They
may provide biological and mechanistic information relevant to the understanding of the
process of carcinogenesis in humans and may strengthen the plausibility of a conclusion
that the biological agent under evaluation is carcinogenic in humans.


(a) Qualitative aspects


An assessment of carcinogenicity involves several considerations of qualitative
importance, including (i) the experimental conditions under which the test was per-
formed, including route and schedule of exposure, species, strain, sex, age, duration of
follow-up; (ii) the consistency of the results, for example, across species and target
organ(s); (iii) the spectrum of neoplastic response, from preneoplastic lesions and benign
tumours to malignant neoplasms; and (iv) the possible role of modifying factors.


As mentioned earlier (p. 11), the Monographs are not intended to summarize all
published studies. Those studies in experimental animals that are inadequate (e.g., too
short a duration, too few animals, poor survival; see below) or are judged irrelevant to
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the evaluation are generally omitted. Guidelines for conducting adequate long-term
carcinogenicity experiments have been outlined (e.g. Montesano et al., 1986).


Considerations of importance to the Working Group in the interpretation and eva-
luation of a particular study include: (i) how clearly the agent was defined and, in the
case of mixtures, how adequately the sample characterization was reported; (ii)
whether the dose was adequately monitored, particularly in inhalation experiments;
(iii) whether the doses and duration of treatment were appropriate and whether the
survival of treated animals was similar to that of controls; (iv) whether there were
adequate numbers of animals per group; (v) whether animals of each sex were used;
(vi) whether animals were allocated randomly to groups; (vii) whether the duration of
observation was adequate; and (viii) whether the data were adequately reported. If
available, recent data on the incidence of specific tumours in historical controls, as
well as in concurrent controls, should be taken into account in the evaluation of tumour
response. 


When benign tumours occur together with and originate from the same cell type in
an organ or tissue as malignant tumours in a particular study and appear to represent a
stage in the progression to malignancy, it may be valid to combine them in assessing
tumour incidence (Huff et al., 1989). The occurrence of lesions presumed to be pre-
neoplastic may in certain instances aid in assessing the biological plausibility of any neo-
plastic response observed. If an agent or mixture induces only benign neoplasms that
appear to be end-points that do not readily progress to malignancy, it should nevertheless
be suspected of being a carcinogen and requires further investigation.


(b) Quantitative aspects


The probability that tumours will occur may depend on the species, sex, strain and
age of the animal, the dose of the carcinogen and the route and length of exposure.
Evidence of an increased incidence of neoplasms with increased level of exposure
strengthens the inference of a causal association between the exposure and the develop-
ment of neoplasms. 


The form of the dose–response relationship can vary widely, depending on the
particular agent under study and the target organ. Both DNA damage and increased cell
division are important aspects of carcinogenesis, and cell proliferation is a strong deter-
minant of dose–response relationships for some carcinogens (Cohen & Ellwein, 1990).
Since many chemicals require metabolic activation before being converted into their
reactive intermediates, both metabolic and pharmacokinetic aspects are important in
determining the dose–response pattern. Saturation of steps such as absorption, activation,
inactivation and elimination may produce nonlinearity in the dose–response relationship,
as could saturation of processes such as DNA repair (Hoel et al., 1983; Gart et al., 1986). 
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(c) Statistical analysis of long-term experiments in animals


Factors considered by the Working Group include the adequacy of the information
given for each treatment group: (i) the number of animals studied and the number
examined histologically, (ii) the number of animals with a given tumour type and
(iii) length of survival. The statistical methods used should be clearly stated and should
be the generally accepted techniques refined for this purpose (Peto et al., 1980; Gart
et al., 1986). When there is no difference in survival between control and treatment
groups, the Working Group usually compares the proportions of animals developing each
tumour type in each of the groups. Otherwise, consideration is given as to whether or not
appropriate adjustments have been made for differences in survival. These adjustments
can include: comparisons of the proportions of tumour-bearing animals among the
effective number of animals (alive at the time the first tumour is discovered), in the case
where most differences in survival occur before tumours appear; life-table methods,
when tumours are visible or when they may be considered ‘fatal’ because mortality
rapidly follows tumour development; and the Mantel-Haenszel test or logistic regression,
when occult tumours do not affect the animals’ risk of dying but are ‘incidental’ findings
at autopsy.


In practice, classifying tumours as fatal or incidental may be difficult. Several
survival-adjusted methods have been developed that do not require this distinction (Gart
et al., 1986), although they have not been fully evaluated.


10. OTHER DATA RELEVANT TO AN EVALUATION OF
CARCINOGENICITY AND ITS MECHANISMS


In coming to an overall evaluation of carcinogenicity in humans (see pp. 25–27), the
Working Group also considers related data. The nature of the information selected for the
summary depends on the agent being considered.


For chemicals and complex mixtures of chemicals such as those in some occupa-
tional situations or involving cultural habits (e.g. tobacco smoking), the other data consi-
dered to be relevant are divided into those on absorption, distribution, metabolism and
excretion; toxic effects; reproductive and developmental effects; and genetic and related
effects.


Concise information is given on absorption, distribution (including placental
transfer) and excretion in both humans and experimental animals. Kinetic factors that
may affect the dose–response relationship, such as saturation of uptake, protein binding,
metabolic activation, detoxification and DNA repair processes, are mentioned. Studies
that indicate the metabolic fate of the agent in humans and in experimental animals are
summarized briefly, and comparisons of data on humans and on animals are made when
possible. Comparative information on the relationship between exposure and the dose
that reaches the target site may be of particular importance for extrapolation between
species. Data are given on acute and chronic toxic effects (other than cancer), such as
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organ toxicity, increased cell proliferation, immunotoxicity and endocrine effects. The
presence and toxicological significance of cellular receptors is described. Effects on
reproduction, teratogenicity, fetotoxicity and embryotoxicity are also summarized
briefly.


Tests of genetic and related effects are described in view of the relevance of gene
mutation and chromosomal damage to carcinogenesis (Vainio et al., 1992; McGregor
et al., 1999). The adequacy of the reporting of sample characterization is considered and,
where necessary, commented upon; with regard to complex mixtures, such comments are
similar to those described for animal carcinogenicity tests on p. 18. The available data
are interpreted critically by phylogenetic group according to the end-points detected,
which may include DNA damage, gene mutation, sister chromatid exchange, micro-
nucleus formation, chromosomal aberrations, aneuploidy and cell transformation. The
concentrations employed are given, and mention is made of whether use of an exogenous
metabolic system in vitro affected the test result. These data are given as listings of test
systems, data and references. The Genetic and Related Effects data presented in the
Monographs are also available in the form of Graphic Activity Profiles (GAP) prepared
in collaboration with the United States Environmental Protection Agency (EPA) (see also
Waters et al., 1987) using software for personal computers that are Microsoft Windows
compatible. The EPA/IARC GAP software and database may be downloaded free of
charge from www.epa.gov/gapdb.


Positive results in tests using prokaryotes, lower eukaryotes, plants, insects and
cultured mammalian cells suggest that genetic and related effects could occur in
mammals. Results from such tests may also give information about the types of genetic
effect produced and about the involvement of metabolic activation. Some end-points
described are clearly genetic in nature (e.g., gene mutations and chromosomal aberra-
tions), while others are to a greater or lesser degree associated with genetic effects (e.g.
unscheduled DNA synthesis). In-vitro tests for tumour-promoting activity and for cell
transformation may be sensitive to changes that are not necessarily the result of genetic
alterations but that may have specific relevance to the process of carcinogenesis. A
critical appraisal of these tests has been published (Montesano et al., 1986).


Genetic or other activity manifest in experimental mammals and humans is regarded
as being of greater relevance than that in other organisms. The demonstration that an
agent or mixture can induce gene and chromosomal mutations in whole mammals indi-
cates that it may have carcinogenic activity, although this activity may not be detectably
expressed in any or all species. Relative potency in tests for mutagenicity and related
effects is not a reliable indicator of carcinogenic potency. Negative results in tests for
mutagenicity in selected tissues from animals treated in vivo provide less weight, partly
because they do not exclude the possibility of an effect in tissues other than those
examined. Moreover, negative results in short-term tests with genetic end-points cannot
be considered to provide evidence to rule out carcinogenicity of agents or mixtures that
act through other mechanisms (e.g. receptor-mediated effects, cellular toxicity with rege-
nerative proliferation, peroxisome proliferation) (Vainio et al., 1992). Factors that may
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lead to misleading results in short-term tests have been discussed in detail elsewhere
(Montesano et al., 1986).


When available, data relevant to mechanisms of carcinogenesis that do not involve
structural changes at the level of the gene are also described.


The adequacy of epidemiological studies of reproductive outcome and genetic and
related effects in humans is evaluated by the same criteria as are applied to epidemio-
logical studies of cancer.


Structure–activity relationships that may be relevant to an evaluation of the carcino-
genicity of an agent are also described.


For biological agents—viruses, bacteria and parasites—other data relevant to
carcinogenicity include descriptions of the pathology of infection, molecular biology
(integration and expression of viruses, and any genetic alterations seen in human
tumours) and other observations, which might include cellular and tissue responses to
infection, immune response and the presence of tumour markers.


11. SUMMARY OF DATA REPORTED


In this section, the relevant epidemiological and experimental data are summarized.
Only reports, other than in abstract form, that meet the criteria outlined on p. 11 are
considered for evaluating carcinogenicity. Inadequate studies are generally not summarized:
such studies are usually identified by a square-bracketed comment in the preceding text.


(a) Exposure


Human exposure to chemicals and complex mixtures is summarized on the basis of
elements such as production, use, occurrence in the environment and determinations in
human tissues and body fluids. Quantitative data are given when available. Exposure to
biological agents is described in terms of transmission and prevalence of infection.


(b) Carcinogenicity in humans


Results of epidemiological studies that are considered to be pertinent to an
assessment of human carcinogenicity are summarized. When relevant, case reports and
correlation studies are also summarized. 


(c) Carcinogenicity in experimental animals


Data relevant to an evaluation of carcinogenicity in animals are summarized. For
each animal species and route of administration, it is stated whether an increased
incidence of neoplasms or preneoplastic lesions was observed, and the tumour sites are
indicated. If the agent or mixture produced tumours after prenatal exposure or in single-
dose experiments, this is also indicated. Negative findings are also summarized. Dose–
response and other quantitative data may be given when available. 
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(d) Other data relevant to an evaluation of carcinogenicity and its mechanisms


Data on biological effects in humans that are of particular relevance are summarized.
These may include toxicological, kinetic and metabolic considerations and evidence of
DNA binding, persistence of DNA lesions or genetic damage in exposed humans. Toxi-
cological information, such as that on cytotoxicity and regeneration, receptor binding
and hormonal and immunological effects, and data on kinetics and metabolism in
experimental animals are given when considered relevant to the possible mechanism of
the carcinogenic action of the agent. The results of tests for genetic and related effects
are summarized for whole mammals, cultured mammalian cells and nonmammalian
systems.


When available, comparisons of such data for humans and for animals, and parti-
cularly animals that have developed cancer, are described.


Structure–activity relationships are mentioned when relevant.
For the agent, mixture or exposure circumstance being evaluated, the available data on


end-points or other phenomena relevant to mechanisms of carcinogenesis from studies in
humans, experimental animals and tissue and cell test systems are summarized within one
or more of the following descriptive dimensions:


(i) Evidence of genotoxicity (structural changes at the level of the gene): for
example, structure–activity considerations, adduct formation, mutagenicity (effect on
specific genes), chromosomal mutation/aneuploidy


(ii) Evidence of effects on the expression of relevant genes (functional changes at
the intracellular level): for example, alterations to the structure or quantity of the product
of a proto-oncogene or tumour-suppressor gene, alterations to metabolic activation/inac-
tivation/DNA repair


(iii) Evidence of relevant effects on cell behaviour (morphological or behavioural
changes at the cellular or tissue level): for example, induction of mitogenesis, compen-
satory cell proliferation, preneoplasia and hyperplasia, survival of premalignant or mali-
gnant cells (immortalization, immunosuppression), effects on metastatic potential


(iv) Evidence from dose and time relationships of carcinogenic effects and inter-
actions between agents: for example, early/late stage, as inferred from epidemiological
studies; initiation/promotion/progression/malignant conversion, as defined in animal
carcinogenicity experiments; toxicokinetics


These dimensions are not mutually exclusive, and an agent may fall within more than
one of them. Thus, for example, the action of an agent on the expression of relevant
genes could be summarized under both the first and second dimensions, even if it were
known with reasonable certainty that those effects resulted from genotoxicity.


12. EVALUATION


Evaluations of the strength of the evidence for carcinogenicity arising from human
and experimental animal data are made, using standard terms.
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It is recognized that the criteria for these evaluations, described below, cannot
encompass all of the factors that may be relevant to an evaluation of carcinogenicity. In
considering all of the relevant scientific data, the Working Group may assign the agent,
mixture or exposure circumstance to a higher or lower category than a strict inter-
pretation of these criteria would indicate.


(a) Degrees of evidence for carcinogenicity in humans and in experimental
animals and supporting evidence


These categories refer only to the strength of the evidence that an exposure is carcino-
genic and not to the extent of its carcinogenic activity (potency) nor to the mechanisms
involved. A classification may change as new information becomes available.


An evaluation of degree of evidence, whether for a single agent or a mixture, is limited
to the materials tested, as defined physically, chemically or biologically. When the agents
evaluated are considered by the Working Group to be sufficiently closely related, they
may be grouped together for the purpose of a single evaluation of degree of evidence.


(i) Carcinogenicity in humans
The applicability of an evaluation of the carcinogenicity of a mixture, process, occu-


pation or industry on the basis of evidence from epidemiological studies depends on the
variability over time and place of the mixtures, processes, occupations and industries.
The Working Group seeks to identify the specific exposure, process or activity which is
considered most likely to be responsible for any excess risk. The evaluation is focused as
narrowly as the available data on exposure and other aspects permit.


The evidence relevant to carcinogenicity from studies in humans is classified into
one of the following categories:


Sufficient evidence of carcinogenicity: The Working Group considers that a causal
relationship has been established between exposure to the agent, mixture or exposure
circumstance and human cancer. That is, a positive relationship has been observed
between the exposure and cancer in studies in which chance, bias and confounding could
be ruled out with reasonable confidence. 


Limited evidence of carcinogenicity: A positive association has been observed
between exposure to the agent, mixture or exposure circumstance and cancer for which
a causal interpretation is considered by the Working Group to be credible, but chance,
bias or confounding could not be ruled out with reasonable confidence. 


Inadequate evidence of carcinogenicity: The available studies are of insufficient
quality, consistency or statistical power to permit a conclusion regarding the presence or
absence of a causal association between exposure and cancer, or no data on cancer in
humans are available.


Evidence suggesting lack of carcinogenicity: There are several adequate studies
covering the full range of levels of exposure that human beings are known to encounter,
which are mutually consistent in not showing a positive association between exposure to
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the agent, mixture or exposure circumstance and any studied cancer at any observed level
of exposure. A conclusion of ‘evidence suggesting lack of carcinogenicity’ is inevitably
limited to the cancer sites, conditions and levels of exposure and length of observation
covered by the available studies. In addition, the possibility of a very small risk at the
levels of exposure studied can never be excluded.


In some instances, the above categories may be used to classify the degree of evi-
dence related to carcinogenicity in specific organs or tissues.


(ii) Carcinogenicity in experimental animals
The evidence relevant to carcinogenicity in experimental animals is classified into


one of the following categories: 
Sufficient evidence of carcinogenicity: The Working Group considers that a causal


relationship has been established between the agent or mixture and an increased inci-
dence of malignant neoplasms or of an appropriate combination of benign and malignant
neoplasms in (a) two or more species of animals or (b) in two or more independent
studies in one species carried out at different times or in different laboratories or under
different protocols.


Exceptionally, a single study in one species might be considered to provide sufficient
evidence of carcinogenicity when malignant neoplasms occur to an unusual degree with
regard to incidence, site, type of tumour or age at onset.


Limited evidence of carcinogenicity: The data suggest a carcinogenic effect but are
limited for making a definitive evaluation because, e.g. (a) the evidence of carcino-
genicity is restricted to a single experiment; or (b) there are unresolved questions
regarding the adequacy of the design, conduct or interpretation of the study; or (c) the
agent or mixture increases the incidence only of benign neoplasms or lesions of uncertain
neoplastic potential, or of certain neoplasms which may occur spontaneously in high
incidences in certain strains. 


Inadequate evidence of carcinogenicity: The studies cannot be interpreted as showing
either the presence or absence of a carcinogenic effect because of major qualitative or
quantitative limitations, or no data on cancer in experimental animals are available.


Evidence suggesting lack of carcinogenicity: Adequate studies involving at least two
species are available which show that, within the limits of the tests used, the agent or
mixture is not carcinogenic. A conclusion of evidence suggesting lack of carcinogenicity
is inevitably limited to the species, tumour sites and levels of exposure studied.


(b) Other data relevant to the evaluation of carcinogenicity and its mechanisms
Other evidence judged to be relevant to an evaluation of carcinogenicity and of


sufficient importance to affect the overall evaluation is then described. This may include
data on preneoplastic lesions, tumour pathology, genetic and related effects, structure–
activity relationships, metabolism and pharmacokinetics, physicochemical parameters
and analogous biological agents.
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Data relevant to mechanisms of the carcinogenic action are also evaluated. The
strength of the evidence that any carcinogenic effect observed is due to a particular
mechanism is assessed, using terms such as weak, moderate or strong. Then, the Working
Group assesses if that particular mechanism is likely to be operative in humans. The
strongest indications that a particular mechanism operates in humans come from data on
humans or biological specimens obtained from exposed humans. The data may be consi-
dered to be especially relevant if they show that the agent in question has caused changes
in exposed humans that are on the causal pathway to carcinogenesis. Such data may,
however, never become available, because it is at least conceivable that certain com-
pounds may be kept from human use solely on the basis of evidence of their toxicity
and/or carcinogenicity in experimental systems.


For complex exposures, including occupational and industrial exposures, the
chemical composition and the potential contribution of carcinogens known to be present
are considered by the Working Group in its overall evaluation of human carcinogenicity.
The Working Group also determines the extent to which the materials tested in experi-
mental systems are related to those to which humans are exposed. 


(c) Overall evaluation
Finally, the body of evidence is considered as a whole, in order to reach an overall


evaluation of the carcinogenicity to humans of an agent, mixture or circumstance of
exposure.


An evaluation may be made for a group of chemical compounds that have been eva-
luated by the Working Group. In addition, when supporting data indicate that other,
related compounds for which there is no direct evidence of capacity to induce cancer in
humans or in animals may also be carcinogenic, a statement describing the rationale for
this conclusion is added to the evaluation narrative; an additional evaluation may be
made for this broader group of compounds if the strength of the evidence warrants it.


The agent, mixture or exposure circumstance is described according to the wording
of one of the following categories, and the designated group is given. The categorization
of an agent, mixture or exposure circumstance is a matter of scientific judgement, reflec-
ting the strength of the evidence derived from studies in humans and in experimental
animals and from other relevant data.


Group 1 —The agent (mixture) is carcinogenic to humans.
The exposure circumstance entails exposures that are carcinogenic to humans.


This category is used when there is sufficient evidence of carcinogenicity in humans.
Exceptionally, an agent (mixture) may be placed in this category when evidence of carci-
nogenicity in humans is less than sufficient but there is sufficient evidence of carcino-
genicity in experimental animals and strong evidence in exposed humans that the agent
(mixture) acts through a relevant mechanism of carcinogenicity.
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Group 2
This category includes agents, mixtures and exposure circumstances for which, at


one extreme, the degree of evidence of carcinogenicity in humans is almost sufficient, as
well as those for which, at the other extreme, there are no human data but for which there
is evidence of carcinogenicity in experimental animals. Agents, mixtures and exposure
circumstances are assigned to either group 2A (probably carcinogenic to humans) or
group 2B (possibly carcinogenic to humans) on the basis of epidemiological and experi-
mental evidence of carcinogenicity and other relevant data.


Group 2A—The agent (mixture) is probably carcinogenic to humans.
The exposure circumstance entails exposures that are probably carcinogenic to
humans.


This category is used when there is limited evidence of carcinogenicity in humans
and sufficient evidence of carcinogenicity in experimental animals. In some cases, an
agent (mixture) may be classified in this category when there is inadequate evidence of
carcinogenicity in humans, sufficient evidence of carcinogenicity in experimental
animals and strong evidence that the carcinogenesis is mediated by a mechanism that
also operates in humans. Exceptionally, an agent, mixture or exposure circumstance may
be classified in this category solely on the basis of limited evidence of carcinogenicity in
humans.


Group 2B—The agent (mixture) is possibly carcinogenic to humans.
The exposure circumstance entails exposures that are possibly carcinogenic to
humans.


This category is used for agents, mixtures and exposure circumstances for which
there is limited evidence of carcinogenicity in humans and less than sufficient evidence
of carcinogenicity in experimental animals. It may also be used when there is inadequate
evidence of carcinogenicity in humans but there is sufficient evidence of carcinogenicity
in experimental animals. In some instances, an agent, mixture or exposure circumstance
for which there is inadequate evidence of carcinogenicity in humans but limited evidence
of carcinogenicity in experimental animals together with supporting evidence from other
relevant data may be placed in this group.


Group 3—The agent (mixture or exposure circumstance) is not classifiable as to its
carcinogenicity to humans.


This category is used most commonly for agents, mixtures and exposure circums-
tances for which the evidence of carcinogenicity is inadequate in humans and inadequate
or limited in experimental animals. 


Exceptionally, agents (mixtures) for which the evidence of carcinogenicity is inade-
quate in humans but sufficient in experimental animals may be placed in this category
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when there is strong evidence that the mechanism of carcinogenicity in experimental
animals does not operate in humans.


Agents, mixtures and exposure circumstances that do not fall into any other group are
also placed in this category. 


Group 4—The agent (mixture) is probably not carcinogenic to humans.
This category is used for agents or mixtures for which there is evidence suggesting


lack of carcinogenicity in humans and in experimental animals. In some instances, agents
or mixtures for which there is inadequate evidence of carcinogenicity in humans but
evidence suggesting lack of carcinogenicity in experimental animals, consistently and
strongly supported by a broad range of other relevant data, may be classified in this
group.
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GENERAL REMARKS ON MAN-MADE VITREOUS FIBRES


This eighty-first volume of IARC Monographs considers certain man-made vitreous
(glass-like) fibres of highly variable composition that are widely used for thermal and
acoustical insulation and to a lesser extent for other purposes. The generic term, man-
made vitreous fibres (MMVFs), denotes non-crystalline, fibrous inorganic substances
(silicates) made primarily from rock, slag, glass or other processed minerals. These
fibres, also called man-made mineral fibres, include glass fibres (used in glass wool and
continuous glass filament), rock (stone)/slag wool and refractory ceramic fibres. Rock
(stone) wool, slag wool and glass wool are used extensively in thermal and acoustical
insulation, typically in buildings, vehicles and appliances. The refractory ceramic fibres
are designed for high-temperature applications, mainly in industrial settings. Continuous
glass filament is used primarily in reinforced composite materials for the insulation,
electronics and construction industries. These substances were evaluated by a previous
IARC Working Group (IARC, 1988) (Table 1). Since these evaluations, new data have
become available, which have been incorporated into the monograph and were taken
into consideration in the present evaluations.


Man-made vitreous fibres have some physical similarities to asbestos, in particular,
their fibrous character which gives them the same aerodynamic properties and leads to
their deposition throughout the respiratory tract. Unlike amphibole asbestos, however,
they are synthetic and amorphous, and generally have a lower biopersistence in lung
tissues. Also, unlike serpentine asbestos, they tend to break transversely rather than
cleaving along the fibre axis. 


Inhaled asbestos fibres can cause two quite different malignancies in humans:
malignant mesothelioma, which arises from the lining of the body cavities, and carci-
noma of the lung, which arises from pulmonary epithelial cells (IARC, 1987). Epide-
miological studies of human populations exposed to MMVFs have therefore focused on
these two types of cancer.


The mechanisms of carcinogenesis by inhaled fibres and the use of data on these
mechanisms in the identification of carcinogenic hazard have been reviewed by Kane
et al. (1996). 
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1. Composition, production and use


The compositions of individual MMVF products were historically driven by
production technology, the availability of raw materials and, more importantly, the
intended use and the temperature ranges over which the products were designed to
operate. During the period 1940–1980, changes in product formulation were introduced
as production methods were improved or alternative raw materials became available.
Most of these changes represented minor modifications to basic product formulations,
but more significant changes took place in the early 1990s. In recognition of concerns
over the possible adverse health effects of the fibres released from MMVF products and
in response to governmental regulations, some manufacturers altered the chemical
compositions of their products to enhance their solubility in biological systems. Other
manufacturers developed completely new products (e.g. alkaline earth silicate wools
and high-alumina, low-silica wools) to achieve the same effect. These products have
become commercially available so recently that no relevant epidemiological data have
yet been published.


A large experimental database is available on many fibre compositions, although
inevitably the number of epidemiological studies on fibres is limited. For new fibres
with compositions that differ considerably from those of the older fibre types, studies
of toxicity and determinations of biopersistence are required for evaluations of possible
inhalation hazards. 
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Table 1. Previous evaluationsa of agents (names as
used in Volume 43) considered in this volume


Evidence for
carcinogenicity


Agentb


Human Animal


Overall evaluation
of carcinogenicity
to humans


Glasswool I S 2B
Glass filaments I I 3


L 2BRockwool
Slagwool


L
I 2B


Ceramic fibres I (no data) S 2B


S, sufficient evidence; L, limited evidence; I, inadequate evi-
dence; Group 2B, possibly carcinogenic to humans; Group 3,
cannot be evaluated as to its carcinogenicity to humans
a IARC Monographs Volume 43 (IARC, 1988)
b See section 1.1.1(a).


pp33-42.qxd  06/12/02  15:01  Page 34







2. Toxicity


The end-points used in short-term toxicity studies range from inflammation in
experimental animals in vivo to cytotoxicity and cell activation in vitro. In-vitro assays
vary in duration from hours to a few days at most. During long-term residence in the
lung, some non-biopersistent fibres undergo changes that act to dissolve, shorten or
otherwise decrease the biological activity of the long fibres. This decrease in biological
activity would not be detected in short-term assays and it would be difficult to
extrapolate these assays to predict long-term effects.


3. Chronic inflammation, fibrosis and cancer


Chronic inflammation and increased turnover of epithelial cells are features of
human cancers that are associated with chronic infections in the liver, gastric mucosa
and colon (IARC, 1999). Chronic or persistent inflammation, especially in the lung, is
frequently accompanied by progressive fibrosis in humans with idiopathic pulmonary
fibrosis (reviewed by Samet, 2000); a sevenfold increase in incidence of lung cancer
was reported in a recent cohort study of a population with idiopathic pulmonary
fibrosis, although confounding by cigarette smoking could not be ruled out (Hubbard
et al., 1999). 


In chronic inhalation assays of particulate materials in rodents, chronic inflam-
mation and fibrosis almost always precede the development of lung cancer (Davis &
Cowie, 1990). Chronic inflammation may contribute to the initiation, promotion and
progression of tumours by several mechanisms. Firstly, inflammatory cells release
reactive oxygen and nitrogen species that may lead to DNA damage in adjacent
parenchymal cells. Secondly, inflammatory cells may release mediators such as
cytokines, growth factors and proteases that may alter proliferation, differentiation and
migration of preneoplastic cells (reviewed by Coussens & Werb, 2001). Activated
fibroblasts may play a role in tumour progression by increasing turnover of the extra-
cellular matrix which may also alter the adhesion, differentiation, proliferation and
motility of epithelial cells. Active fibrosis is often accompanied by angiogenesis that
may provide a favourable local environment for growth and invasion of developing
tumours (reviewed by Tlsty, 2001). Although the experimental evidence for these
processes in the pathogenesis of human lung cancer is currently limited, these proposed
mechanistic links between chronic inflammation, fibrosis and cancer provide a
plausible biological mechanism for lung carcinogenesis by fibres.


4. Studies of cancer in humans


Since the publication of the previous IARC Monographs on MMVFs (IARC,
1988), there have been substantial improvements in the quality of the epidemiological
information available for the evaluation of the carcinogenicity of glass fibres,
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continuous glass filament and rock (stone)/slag wool. The new investigations have
addressed the limitations of the earlier cohort studies of workers exposed to MMVFs
from the United States of America and Europe, particularly concerning the lack of
adjustments in these studies of lung cancer risk to take into account concomitant risk
factors such as smoking and other sources of occupational exposure.


These studies, like all epidemiological investigations, have limitations that must
be borne in mind when interpreting their results. Although the methods of exposure
assessment used in these studies are far better than in most, there is still the potential
for exposure misclassification. Most notably these studies were not able to examine
fully the risks to workers who were exposed to the more durable fibres, which appear
to be more hazardous based on toxicological studies. Information on smoking and on
the other potential confounders that were adjusted for in these studies was also subject
to measurement error, which may have influenced the validity of the adjustments
made. Underascertainment and misclassification of mesothelioma were possible in
these studies, since they relied primarily upon information from death certificates.
Finally, although these studies were very large by epidemiological standards, their
sensitivity may have been limited by the low concentrations of fibres to which a large
proportion of the study population was exposed.


There is some concern that workers in industries that use or remove products
containing MMVFs (e.g. construction workers), may have experienced higher, but
perhaps more intermittent exposure. The data available to evaluate risks for cancer
from exposure to MMVFs in these workers are very limited. 


The results of studies on mortality among workers in the refractory ceramic fibre
industry have also been published since the last IARC Monograph. However, the
epidemiological data for refractory ceramic fibres are still very limited. Radiographic
evidence indicating pleural plaques has been reported for refractory ceramic fibres
workers. Although the prognostic significance of pleural plaques is unclear, such
plaques are common in workers exposed to asbestos. 


5. Studies of cancer in experimental animals 


The carcinogenicity of fibres in experimental animals has been studied using very
different routes of administration, i.e. inhalation, intratracheal instillation or intracavitary
injection. There is no general agreement on which of these routes of administration best
predicts human cancer risk, but it is known that intraperitoneal injection allows high
doses of fibres to reach the target organ. 


Muhle and Pott (2000) analysed studies of asbestos inhalation and concluded that
the rat inhalation model is not sufficiently sensitive to predict the cancer risk presented
by fibre types other than asbestos for humans and proposed that the intraperitoneal
injection test be used instead. In contrast, Maxim and McConnell (2001) reported that
well-conducted inhalation studies of carcinogenicity are very sensitive and that rats
may be more sensitive than humans in detecting the carcinogenic potential of MMVFs. 
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In a recent statistical analysis of the available data from studies that used intra-
peritoneal injection, chronic inhalation and measures of biopersistence, Bernstein et al.
(2001a, b) showed that the studies that used intraperitoneal injection provide a ranking
comparable to that obtained in studies of carcinogenicity following chronic inhalation
of fibres of similar biopersistence and length. 


6. Administration to experimental animals by inhalation


Before 1989, a number of inhalation studies on rodents had been conducted to
evaluate the biological effects of the different types of MMVF. The results of many of
these studies were negative for fibrosis and tumorigenesis even when relatively durable
fibres were tested. For example, different results were obtained in two studies of
refractory ceramic fibres — one study reported both fibrosis and tumorigenesis while
the other reported neither fibrosis nor tumours in rats and mesothelioma in only 2% of
hamsters. Many earlier studies did not appreciate the importance of fibre diameter in
the respirability of fibres in the rat. In addition, fibres were often ground before admi-
nistration; this procedure significantly shortened their length and often resulted in
exposure of the test animals to primarily short fibres. Thus, it is not surprising that
some inhalation studies of amphibole asbestos reported no tumours. The contradictory
results of these studies led to a better understanding of the importance of respirability
and length of fibres and to the development of new study designs (Hesterberg et al.,
1993; Bernstein et al., 1995).


More recent inhalation studies in rodents have addressed the technological
limitations of the earlier studies using test fibres prepared by new size-separation
methods. Such fibres are respirable by rats and long enough to be biologically active,
with nominal dimensions of 1 × 20 µm. An aerosolization system has been designed to
create uniform, high concentrations of airborne fibres without destroying the biolo-
gically important long–thin fibre geometry. 


In the chronic inhalation studies of MMVFs reviewed in section 3, the Working
Group has clearly noted those studies that they considered to be ‘well-conducted long-
term inhalation studies’ which meet the criteria summarized above.


7. Administration to experimental animals by intraperitoneal injection


The potential of asbestos fibres to produce mesothelioma was first demonstrated
in animals by the implantation or injection of fibres into the pleural cavity of rats
(Wagner, 1963; Wagner & Berry, 1969). Subsequently, Stanton and Wrench (1972)
showed by implantation in the pleural cavity, and Pott and Friedrichs (1972) and Pott
(1978) by injection into the peritoneal cavity, that fibre shape was important and that
fibres can produce tumours if they are sufficiently long, thin and durable. Since then
the intraperitoneal injection route has been used more often than pleural implantation
due to its relative simplicity. 
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The intraperitoneal test, in which fibres are injected directly into the intraperitoneal
cavity, bypasses the natural route of exposure. Because the lung is bypassed, the natural
mechanisms by which the lung removes, dissolves or breaks fibres, thereby reducing or
eliminating potential exposure of the pleural cavity, do not operate. Therefore the intra-
peritoneal test has no physiologically imposed maximum dose to which the animals can
be exposed. The intraperitoneal test can indicate whether a fibre should be classified as
a carcinogen if a proper positive control is used.
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1. Exposure Data


1.1 Chemical and physical data


1.1.1 Nomenclature and general description


Man-made vitreous fibre (MMVF) is a generic name used to describe an inorganic
fibrous material manufactured primarily from glass, rock, minerals, slag and processed
inorganic oxides. The MMVFs produced are non-crystalline (glassy, vitreous,
amorphous). Other names for MMVFs include manufactured vitreous fibres, man-made
mineral fibres (MMMF), machine-made mineral fibres and synthetic vitreous fibres.
Continuous glass filament is sometimes also referred to as ‘glass textile fibre’.


The term ‘mineral wool’ has been used in the USA to describe only rock (stone)
wool and slag wool. In Europe, ‘mineral wool’ also includes glass wool. In this
monograph, the terms rock (stone) wool, slag wool and glass wool are used rather than
mineral wool, whenever possible.


Man-made vitreous fibres are manufactured by a variety of processes based on the
attenuation of a thin stream of molten inorganic oxides at high temperatures. All
commercially important MMVFs are silica-based and contain various amounts of other
inorganic oxides. The non-silica components typically include, but are not limited to,
oxides of alkaline earths, alkalis, aluminium, boron, iron and zirconium. These addi-
tional oxides may be constituents of the raw materials used to make the fibres, or they
may be added to enhance the manufacturing process or the product performance. 


Depending on the process of fibre formation, MMVFs are produced either as wool,
which is a mass of tangled, discontinuous fibres of variable lengths and diameters, or
as filaments, which are continuous fibres (of indeterminate length) with diameters
having ranges that are more uniform and typically thicker than those of wool.


(a) Categorization
The previous IARC Monographs on man-made mineral fibres (IARC, 1988)


grouped fibres into five categories based loosely on raw materials, production process
and/or product application. These categories were: glass filament, glass wool, rock
wool, slag wool and ceramic fibres.


To reflect developments in the industry, the categories have been expanded and
modified somewhat in this monograph, as depicted in Figure 1. The present monograph
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Within each of these categories, there are commercial products representing a range of compositions and durabilities.
AES, alkaline earth silicate wools; HT, high-alumina, low-silica wools
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includes only vitreous fibres, whereas the 1988 monograph also included some
crystalline ceramic fibres (e.g. silicon carbide) used in high-temperature applications. In
this monograph, the MMVFs evaluated in the ceramic fibre category are wool-type
fibres known as refractory ceramic fibres.


Certain characteristics of MMVFs such as their respirability and biopersistence in
the lung have been the focus of increased attention and research in recent years, and
a number of new fibres with reduced biopersistence have been developed. These fibre
characteristics are discussed in detail in section 4.1, and the regulatory categorization
systems adopted by the European Union and by several other countries, based on
biopersistence and respirability, are described in section 1.5. The development of the
newer fibres is recognized in Figure 1 under the category ‘other fibres’. Examples of
more biosoluble fibres include the alkaline earth silicate wools and the high-alumina,
low-silica wools. Other newly developed fibres may be less biosoluble and more
biopersistent.


Finally, the generic names of several categories of MMVFs have been updated in
the current monograph (i.e. glass filament → continuous glass filament; glasswool →
glass wool; rockwool → rock (stone) wool; slagwool → slag wool; ceramic fibres →
refractory ceramic fibres (see also General Remarks on Man-made Vitreous Fibres).


1.1.2 Chemical and physical properties


(a) Chemical properties
The MMVFs have a broad variety of chemical compositions as shown in Table 1.


Within each traditional category of MMVF, the composition of the fibres may vary
substantially. Several factors account for the compositional variability of MMVFs:


End-use: The end-use of each product requires fibres to have specific chemical and
physical characteristics. For example, ‘continuous glass filament’ includes eight
distinctly different fibre types. Each type has its own formulation with a narrow range
of variability. The formulations differ considerably from one another because each type
is designed for a specific set of performance criteria, such as high strength, high
electrical resistivity or resistance to attack by various chemical agents. Similarly, the
grades of refractory ceramic fibres designed for high-temperature (1000–1460 °C) end-
uses may have a high alumina and zirconia content (Maxim et al., 1999a; EIPPCB,
2000; Mast et al., 2000a).


Manufacturing requirements: Variations in manufacturing processes and in the
availability of raw materials are responsible for much of the compositional variation
in glass, rock (stone) and slag wools. 


Biopersistence considerations: MMVFs have historically been made with a range
of compositions and associated durabilities. Since it was recognized that fibre bio-
persistence affects the potential effects on respiratory health and that fibre chemistry
is an important determinant of biopersistence, the industry has introduced some new,
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Table 1. Typical chemical compositional ranges for classes of MMVFs expressed as oxide mass percentage
(for the major constituents found in most commercially important MMVFs)


Glass woolb,cContinuous
glass
filamenta Insulation


wool
Special-
purpose
fibre


Rock
(stone)
woold


Slag
woolb,c


Refractory
ceramic
fibresc


Alkaline
earth silicate
woole


High-
alumina,
low-silica
woolf


SiO2 52–75 55–70 54–69 43–50 38–52 47–54 50–82 33–43
Al2O3 0–30 0–7 3–15 6–15 5–16 35–51 < 2 18–24
CaO 0–25 5–13 0–21 10–25 20–43 < 1
MgO 0–10 0–5 0–4.5 6–16 4–14 < 1
MgO + CaO 0–35 5–18 0–25.5 16–41 24–57 18–43 23–33
BaO 0–1 0–3 0–5.5
ZnO 0–5 0–4.5
Na2O 13–18 0–16 1–3.5 0–1 < 1
K2O 0–2.5 0–15 0.5–2 0.3–2 < 1
Na2O + K2O 0–21 12–20.5 0.3–3 < 1 1–10
B2O3 0–24 0–12 4–11 < 1 < 1 < 1
Fe2O3


g 0–5 0–5 0–0.4 0–5 0–1 < 1
FeO 3–8 3–9
TiO2 0–12 0–0.5 0–8 0.5–3.5 0.3–1 0–2 0.5–3
ZrO2 0–18 0–4 0–17 0–6
Al2O3 + TiO2 + ZrO2 < 6
P2O5 < 1 0–0.5
F2 0–5 0–1.5 0–2
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Table 1 (contd)


Glass woolb,cContinuous
glass
filamenta Insulation


wool
Special-
purpose
fibre


Rock
(stone)
woold


Slag
woolb,c


Refractory
ceramic
fibresc


Alkaline
earth silicate
woole


High-
alumina,
low-silica
woolf


S 0–2
SO3 0–0.5
Li2O 0–1.5 0–0.5


a Hartman et al. (1996)
b EIPPCB (2000) (includes the new less biopersistent fibre-types)
c TIMA (1993)
d Guldberg et al. (2000)
e ECFIA & RCFC (2001)
f Guldberg et al. (2002) (HT fibre; CAS No. 287922-11-6)
g Total iron expressed as Fe2O3
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less biopersistent fibre compositions. To accomplish this, the industry has extended
the traditional compositional ranges of MMVFs in several ways:


— by increasing the content of alkali oxides and borate in glass wools;
— by substituting alumina for silica or alkaline earth oxides for alumina in rock


wools; and
— by developing high-temperature-resistant compositions based on the alkaline


earth silicate (AES) wools as an alternative to the aluminosilicate compo-
sitions of refractory ceramic fibres, in some applications.


The raw materials that have been commonly used to make MMVFs are listed in
Table 2. The sources for the raw materials include the following (TIMA, 1993):


Mined: materials mined or quarried from the earth that have received only
minimal physical processing to ensure the required particle size and reasonable
chemical homogeneity.


Processed: mined materials that have received minimal chemical processing such
as thermal treatment to remove water or carbonate.


Recycled: materials that are by-products of the manufacture of MMVFs or other
manufacturing processes.


Manufactured: relatively pure manufactured chemical compounds.


(i) Continuous glass filament
Most of the continuous glass filament produced worldwide has an E-glass compo-


sition (Table 3), developed solely for electrical applications and more than 98% of all
continuous glass filament currently produced is of this type (EIPCCB, 2000; APFE,
2001). E-glass is a calcium-aluminosilicate glass, in which the alkali oxides of sodium
and potassium are maintained at low concentrations (< 2 weight %) to achieve
acceptable electrical properties. Boron oxide is often a major additive, but in recent
years, alternative formulations of E-glass without boron oxide have been developed to
reduce emissions of boron compounds into the air during production and to lower the
cost of raw material. These boron-free formulations are used in applications other than
printed circuit boards or aerospace materials (Hartman et al., 1996). 


Other types of glass are also produced as continuous filament. These are used in
applications that require specific properties such as high mechanical strength, increased
temperature resistance, improved resistance to corrosion, resistance to alkali in cement
or low dielectric properties (see Table 3). C-glass is resistant to acids and is used in
composites that come into contact with mineral acids and as a reinforcement material
in bituminous roofing sheet. AR-glass is used for cement reinforcement and differs
from other glasses in that it contains zirconium oxide, which provides resistance to
corrosion by alkalis. S-glass is a high-strength glass developed in the 1960s for
applications such as rocket motor cases. S-glass is difficult and costly to make and is
therefore limited to highly technological uses (Loewenstein, 1993; Hartman et al.,
1996; APFE, 2001).
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Table 2. Raw materials commonly used in the manufacture of MMVFs


Glass woolRaw material Desired element Source Continuous
glass
filament Insulation


wool
Special-
purpose
fibre


Rock
(stone)
wool


Slag
wool


Refractory
ceramic
fibre


AES
wool


High-
alumina,
low-silica
wool


Anorthosite Al, Si Mined x
Basalt Si, Ca, Mg, Fe Mined x x x
Bauxite Al Mined x x
Colemanite B Mined x x
Dolomite Ca, Mg Mined x x x x x x x
Fluorspar F Mined x x
Kaolin clay Al Mined x x x x
Limestone Ca Mined x x x x x x
Nepheline syenite Al Mined x x x
Silica sand Si Mined x x x x x x x x
Ulexite B Mined x
Wollastonite Ca, Si Mined x x
Zircon sand Zr, Si Mined x x x
Briquettes
  (artificial stones)


Si, Al, Ca, Mg Processed x


Burned dolomite Ca, Mg Processed x x x x
Granite Si, Al Processed x x x
Alu-dross Al Recycled x
Blast furnace slag Si, Al, Ca, Mg Recycled x x x
Converter slag Fe, Ca Recycled x
Culleta Si, Ca, Mg, Na, B Recycled x
Ladle slag Al, Fe, Ca Recycled x
Alumina Al Manufactured x x x x
Borax (5 H2O) B Manufactured x
Magnesia Mg Manufactured x
Magnesite Mg Manufactured x x
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Table 2 (contd)


Glass woolRaw material Desired element Source Continuous
glass
filament Insulation


wool
Special-
purpose
fibre


Rock
(stone)
wool


Slag
wool


Refractory
ceramic
fibre


AES
wool


High-
alumina,
low-silica
wool


Manganese dioxide Oxidizing power Manufactured x
Sodium nitrate Oxidizing power Manufactured x


Sodium carbonate Na Manufactured x
Sodium sulfate Oxidizing power Manufactured x x x x
Zirconia Zr Manufactured x x x


From TIMA (1993)
AES, alkaline earth silicate
a Cullet (broken or waste glass) includes purchased recycled cullet and cullet recycled from the same manufacturing plant.
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Table 3. Typical chemical compositional ranges of representative continuous glass filament expressed as oxide
(wt%)


E-glass
(high electrical
resistivity)


ECR-glass
(high electrical
resistivity,
corrosion resistant)


C-glass
(acid resistant)


D-glass
(low dielectric
constant)


R-glass
(high
strength)


AR-glass
(alkali
resistant)


S-glass
(high strength,
high-temperature
resistant)


SiO2 52–56 54–62 64–68 72–75 55–65 55–75 64–66
Al2O3 12–16 9–15 3–5 0–1 15–30 0–5 24–25
CaO 16–25 17–25 11–15 0–1 9–25 1–10 0–0.1
MgO 0–5 0–4 2–4 3–8 9–10
BaO 0–1
ZnO 2–5
Na2O + K2O 0–2 0–2 7–10 0–4 0–1 11–21 0–0.2
Li2O 0–1.5
B2O3 5–10 4–6 21–24 0–8
Fe2O3


a 0–0.8 0–0.8 0–0.8 0–0.3 0–5 0–0.1
TiO2 0–1.5 0–4 0–12
ZrO2 1–18
F2 0–1 0–0.3 0–5


From Hartman et al. (1996)
a Total iron expressed as Fe2O3
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(ii) Glass wool
In principle, many different chemical elements could be present in glass. However,


in commercial glass manufacturing, the number of oxides used is limited by their cost.
Almost all of the glass products manufactured have silicon dioxide, silica (SiO2), as the
single largest oxide ingredient, measured by weight or volume, in the final composition.
To form a glass, a glass-forming compound, or glass former, is required. A glass former
is a compound that, in its pure form, can be melted and quenched into the glassy state.
In principle, the oxide glass formers can be boric oxide (B2O3), phosphorus pentoxide
(P2O5) or even germanium dioxide (GeO2), but SiO2 is the major commercial glass
former because it is readily available in a variety of inexpensive forms that can be
mixed and processed into a glass (TIMA, 1993).


Although SiO2 is the principal ingredient, it is necessary to modify the composition
using other oxides, commonly referred to as either intermediate oxides or modifiers.
There is no sharp distinction between the intermediates and modifiers. However, oxides
such as aluminium oxide, alumina (Al2O3), titanium dioxide, titania (TiO2) and zinc
oxide (ZnO) are often classified as intermediates, while oxides such as magnesium
oxide, magnesia (MgO), lithium oxide, lithia (Li2O), barium oxide, baria (BaO),
calcium oxide, calcia (CaO), sodium oxide, soda (Na2O) and potassium oxide (K2O)
are usually classified as modifiers. Sometimes, the modifiers are called fluxes, while
the intermediate oxides are referred to as stabilizers (TIMA, 1993).


Glasses containing a large fraction of fluxes permit reaction of the raw materials to
occur at relatively low temperatures, but such glasses tend to have lower chemical
resistance. As an example, a sodium silicate glass with a large fraction of sodium oxide
is soluble in water and, in fact, such compositions are manufactured as soluble silicates
or water-soluble glasses. The intermediate oxides help impart to a silicate glass a higher
degree of chemical resistance, and they control, together with the fluxes, the viscous
character of the melt, which is especially important in fiberization (TIMA, 1993).


Most glass wool has been used for a variety of insulation applications. An
additional category has been used to group those glass fibres produced by flame
attenuation for special applications. This category, termed ‘special-purpose fibres’ in
Figure 1 and Table 1, includes, for example, fibres such as E-glass and 475-glass used
for high-efficiency air filtration media, acid battery separators and certain fine-diameter
glass fibres. 


(iii) Rock (stone) and slag wool
Typical modern rock (stone) and slag wools are composed of calcium magnesium


aluminium silicate glass. They are produced by melting a mixture of various slags and/or
rock raw materials in a coke-fired cupola. Alternatively, they can be melted in an electric
or gas-heated furnace. For rock (stone) wool, the procedure is carried out using a mixture
of various natural and synthetic rock sources to yield the desired composition. In the
manufacturing of both rock (stone) and slag wool, one raw material is normally the main
component, and other materials are added to make up for a particular deficiency in that
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raw material. If, for example, the main component is too rich in acid oxides such as
silica, then limestone or a slag rich in calcium oxide is added. In slag wool production,
iron-ore blast-furnace slag is the primary component, while in rock (stone) wool
production, basalt is usually the primary raw material. In rock (stone) and slag wool
produced from materials melted in a cupola with coke as fuel, all the iron oxide is
reduced to ferrous oxide (FeO). During the spinning process, a surface layer may form
in which the iron is oxidized to ferric oxide (Fe2O3). Typically 8–15% of the iron is
oxidized to ferric oxide. In an electric furnace melting basalt, up to 50% of the iron is in
the form of ferric oxide which is more evenly distributed throughout the entire fibre
volume than after heating in a coke-fired cupola (TIMA, 1993).


The production of slag wool in Europe began in the 1880s using slags of various
types and continued until the mid-1940s. After the Second World War, most plants
began using rock rather than slag as the raw material and currently most European
plants continue to melt rock. In the USA, the production of rock (stone) wool
dominated from about 1900 until the late 1930s when several of the rock (stone) wool
plants converted to iron-ore blast-furnace slag, a waste-product in the production of pig
iron because the use of slag was more economical. While the use of slags other than
iron-ore blast-furnace slag was once quite widespread, this is no longer the case. Slag
formed during the reduction of iron ore to pig iron is now the primary raw material used
in the USA to make slag wool. It accounts for 70–90% of the weight of the raw
materials that make up the slag wool. Since the mid-1970s, the slag wool industry in
the USA has relied entirely on blast-furnace slag with small amounts of additives such
as phosphate-smelter slag and natural materials like silica gravel, limestone, nepheline
syenite and, for certain dark coloured wools, small amounts of an essentially arsenic-
free copper slag. The rock (stone) wool plants use basaltic rock, limestone, clay and
feldspar, together with the additives mentioned above (TIMA, 1993).


(iv) Refractory ceramic fibres 
Refractory ceramic fibres are produced by melting a combination of alumina


(Al2O3) and silica (SiO2) in approximately equal proportions or by melting kaolin clay.
Other oxides, such as zirconium dioxide (ZrO2), boric oxide (B2O3), titanium oxide
(TiO2) and chrome oxide (Cr2O3) are sometimes added to alter the properties of the
resulting fibres (TIMA, 1993). For example, the chemical composition is one of the
factors that determine the maximum feasible end-use temperature. As for all MMVFs,
the fibre length, diameter and bulk density — controllable to some degree by the manu-
facturing method and chemical composition — also affect key physical properties of
the refractory ceramic fibres, e.g. the thermal conductivity (Everest Consulting Asso-
ciates, 1996).


The basic composition of refractory ceramic fibres has not changed appreciably
since their initial formulation in the 1940s (Environmental Resources Management,
1995), but modifications to the composition such as raising the content of alumina and
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the addition of zirconium dioxide and other materials create fibres that tolerate higher
maximum end-use temperatures. 


(v) Newly developed fibres
In recent years, the industry has developed newer fibres that have similar properties


to older products, but are more biosoluble. Some examples of these newly developed
fibres are the alkaline earth silicate (AES) wools and high-alumina, low-silica wools.
Producers of refractory ceramic fibres and other MMVFs have developed new fibre
compositions designed to withstand high end-use temperatures, but with significantly
lower biopersistence than the older types. Although these new fibres can be produced
in the same furnaces as are used to manufacture refractory ceramic fibres, their
chemistry differs substantially from that of refractory ceramic fibres; they are new
fibres rather than a modification or hybrid of refractory ceramic fibres. These new
products, termed AES fibres, were first commercialized in 1991. They are wool-like
products composed of alkaline earth oxides (calcium oxide + magnesium oxide) in the
range of 18%–43% by weight, silica (SiO2) in the range of 50%–80% by weight, and
alumina + titania + zirconia < 6% by weight. Traces of other elements are also present
(ECFIA–RCFC, 2001).


Another product introduced in the early 1990s is the high-alumina, low-silica
stone wool (known as HT wool). The traditional raw materials for the production of
rock (stone) wool are the rock types basalt or diabase (dolerite) in a mixture with the
fluxing agents limestone or dolomite. Briquettes or form stones (artificial rocks) often
bound together by cement can now be used instead of natural rocks. The briquettes
make it possible to use raw materials that have a higher melting point than the melt
temperature of 1500–1550 °C normally used and allow the inclusion of fine-grained
high-melting temperature raw materials such as quartz sand, olivine sand and bauxite
in the melt composition (Guldberg et al., 2002). 


(b) Physical properties
(i) Fibre diameter


The distribution of fibre diameters in MMVFs varies with the fibre type and the
manufacturing process employed. Because they are amorphous (i.e. non-crystalline),
MMVFs do not have cleavage planes that cause them to split lengthwise into fibres
with smaller diameters. Rather, MMVFs break across the fibre, resulting in fibres
which are of the same diameter as the original fibre but shorter, together with a small
amount of dust (Assuncao & Corn, 1975).


Continuous glass filament is produced by a continuous process of drawing through
the calibrated holes of the bushings at constant speed, thus leading to a very narrow
variation in the filament diameter. In any given product, the diameter of the fibres
differs little from the mean or nominal diameter. The standard deviation of the
diameter in continuous filament products is typically less than 10% of the nominal
diameter. Filaments are divided into 19 classes by a letter designation from B to U
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corresponding to a range of mean diameters as shown in Table 4. The nominal
diameter of continuous glass filaments ranges from 5–25 µm. The majority of the
filaments produced have a diameter of 9 µm or more, corresponding to G filaments
and above (APFE, 2001). Small quantities of C filaments are produced in North
America, and small quantities of B filaments are produced in Japan. Table 5 lists the
fibres that have been tested in animal carcinogenicity studies.


The post-production processing of continuous glass filament does not cause any
change in diameter. However, in a recent study, examination of dust from highly
chopped and pulverized continuous glass filament by microscopy demonstrated the
presence of small amounts of respirable dust particles, a small number of which had
aspect ratios equal to or greater than 3:1. These elongated particles have been called
‘shards’ (APFE, 2001).


The fibre formation processes used to manufacture wools produce fibres with
diameters that vary much more within a given wool product than within a continuous
glass filament product. The diameters within a vitreous wool product have an
approximately log-normal distribution. Nearly all wool products have average
diameters of 3–10 µm. For example, in a wool product with an average fibre diameter
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Table 4. Letter designations for continuous
glass filaments


Size designation Range of mean diameters (µm)


B 3.30–4.05
C 4.06–4.82
D 4.83–5.83
DE 5.84–6.85a


E 6.35–7.61a


F 7.62–8.88
G 8.89–10.15
H 10.16–11.42
J 11.43–12.69
K 12.70–13.96
L 13.97–15.23
M 15.24–16.50
N 16.51–17.77
P 17.78–19.04
Q 19.05–20.31
R 20.32–21.58
S 21.59–22.85
T 22.86–24.12
U 24.13–25.40


From ASTM (2000)
a Mixture of ranges
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of approximately 5 µm, the diameters of individual fibres may range from less than
1 µm to > 20 µm. In addition to fibres, some wool fibre formation processes can
produce a considerable number of large, rounded particles approximately 60 µm or
larger in diameter, which are termed ‘shot’ (TIMA, 1993). 


The preparation of a bulk fibre sample for measurement by microscopy typically
breaks the fibres into shorter lengths. Under these circumstances, it is not meaningful
to report the number of fibres in various ranges of diameters. Instead, either the total
length of fibres falling within each diameter range is measured, or fibres are sampled
for measurement of their diameters in proportion to their lengths (the intercept method)
(Schneider et al., 1983; Koenig et al., 1993; TIMA, 1993). The mean, geometric mean
or median fibre diameter determined in this way is referred to as a ‘length-weighted’
(or ‘accumulated length’) mean, geometric mean or median diameter. Table 6 lists
typical length-weighted mean fibre diameter and standard deviation and the shot
content for various wool products. It is apparent from Table 6 that the average fibre
diameter is a function of the manufacturing process and not an inherent property of a
particular type of fibre (TIMA, 1993).


If, for a given sample, the number of fibres per diameter interval is determined, the
corresponding median diameter will be smaller than the length-weighted median
diameter, since thicker fibres tend to be longer. For this reason, the median diameter of
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Table 5. List of fibres tested in the animal carcinogenicity studies
performed after 1987 and reported in this monograph


Fibre Reference


Fibres A, C, F, G, H Lambré et al. (1998)
B-01-0.9 glass wool, B-09-0.6 glass wool,
  B-09-2.0 glass wool


Roller et al. (1996)


B-20-0.6 slag wool Roller et al. (1996)
B-20-2.0 (experimental rock (stone) wool) Davis et al. (1996a); Roller et al. (1996)
Bayer B1, B2, B3 (glass wools) Pott et al. (1991)
104E glass fibre Cullen et al. (2000)
JM 475 Pott (1989); Pott et al. (1989)
JM 753 Roller et al. (1996)
M-stone wool Davis et al. (1996a); Roller et al. (1996)
R-stone wool-E3 Roller et al. (1996)
MMVF10, MMVF11 Hesterberg et al. (1993)
MMVF10a Hesterberg et al. (1997, 1999);


McConnell et al. (1999)
MMVF21 (rock (stone) wool) Mc Connell et al. (1994)
MMVF22 Roller et al. (1996)
MMVF33 McConnell et al. (1999)
MMVF34 (or HT fibre or HT stone wool) Kamstrup et al. (2001, 2002)
X-607 (or AES) Hesterberg et al. (1998a)
RCF1, RCF2, RCF3, RCF4 Mast et al. (1995a)
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the fibres in an airborne fibre cloud is smaller than the length-weighted median diameter
of the fibres in the product from which it originates: settling and ventilation further shift
the distribution towards lower diameters. For example, for nominal diameters of, say,
8 µm, the typical count median diameter for the airborne fibres could not exceed
3–5.5 µm, even at the moment of dispersion (Schneider et al., 1983).


(ii) Fibre length
As with diameter, the fibre length varies according to the manufacturing process.


Continuous glass filaments are produced by a continuous drawing process that results
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Table 6. Fibre length-weighted diameter and shot content
for various wool productsa


Fibre diameter (µm)Product


Average Standard
deviation


Shot content
(percentage
by weight)


7.7 4.2   2
5.8 4.7   0
5.6 3.3   1
5.3 3.2   5
4.7 2.0   0
4.0 2.4   1
3.4 2.0   1
3.3 2.7   0
1.2 1.0   0


Glass wools


0.6 0.5   0


5.3 3.8 16
4.5 4.1 49
4.4 2.7 43
4.0 2.4 24
4.0 3.1 45
4.0 3.1 39
3.9 3.2 55
3.5 3.5 51


Rock (stone) and slag wools


2.4 2.3 50


3.8 2.8 20Refractory ceramic fibres
2.4 2.2 43


Alkaline earth silicate woolsb 2.2
3.0


2.5
2.4


35
40


High-alumina, low-silica woolc 4.6 – 30


a From TIMA (1993)
b From ECFIA & RCFC (2001)
c From Knudsen et al. (1996)
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in extremely long fibres (typically several metres). During post-fibrization processing,
however, fibres may be broken either intentionally or inadvertently. Thus, fibre
lengths in continuous glass filament products are highly dependent on the nature of
such processing. For example, the typical length of chopped strands is 3.0–4.5 mm,
while that of chopped rovings is 2.5–3.0 cm (TIMA, 1993). 


Wool fibres are manufactured as discontinuous fibres. In an analysis of the fibres
found in glass wool insulation, most of them were found to be several centimetres
long. The mean length of fibres in other wool products is variable, ranging from
several centimetres to < 1 cm (TIMA, 1993). Fibres with lengths less than the 250 µm
upper limit for respirability (Timbrell, 1965) are certainly present in most, if not all,
wool products, and probably also in continuous filament products as a result of the
various post-fibrization processes. There are no good methods to quantify the number
of fibres of length < 250 µm within MMVF products (TIMA, 1993). Furthermore, the
ability of fibres to become airborne depends strongly on the degree to which they are
immobilized in the product by binder, other additives and facing, and on the way they
are handled. Thus, the best way to evaluate fibre length in relation to health effects is
to analyse the airborne dust generated during the manufacturing and handling of the
MMVF product (see section 1.4). 


(iii) Fibre density
Unlike fibre length and diameter, fibre density does not vary widely between


MMVFs. The four traditional classes of MMVF range in density from 2.1–2.9
(Table 7). Fibre density, length and diameter are the critical properties that determine
the aerodynamic behaviour of MMVFs and their respirability (see section 4.1.1).


(iv) Fibre coatings and binders
During the drawing of continuous filament glass fibres, an aqueous polymer


emulsion or solution is usually applied to each filament. This coating material is referred
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Table 7. Density ranges for MMVFs


Fibre Density (g/cm3)


Continuous glass filament 2.1–2.7a


Glass wool 2.4–2.6a


Rock (stone) and slag wool 2.7–2.9a


Refractory ceramic fibres 2.6–2.7a


Alkaline earth silicate wools 2.6b


High-alumina, low-silica (HT) wools 2.8c


a TIMA (1993) and Hartman et al. (1996)
b ECFIA & RCFC (2001)
c Hesterberg et al. (1998b)
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to as binder or size and serves to: protect the filaments from their own abrasion during
further processing and handling, and ensure good adhesion of the glass fibre to the resin
during polymer reinforcements. The quantity of binder on the filaments is typically in
the range of 0.5%–1.5% by mass. The coating material applied varies depending on the
end-use of the product. Typical coating components include: film formers such as poly-
vinyl acetate, starch, polyurethane and epoxy resins; coupling agents such as organo-
functional silanes; pH modifiers such as acetic acid, hydrochloric acid and ammonium
salts; and lubricants such as mineral oils and surfactants (EIPPCB, 2000). 


MMVF wools may contain other types of additive. Oils and other lubricants may be
added to wools during processing to reduce dust generation from the product. An
organic binder may be applied to wools immediately after fibrization in order to hold the
fibres together in a spongy mass. This binder is usually a phenol–formaldehyde resin in
aqueous solution, which, after drying and curing, tends to concentrate at fibre junctions,
but also partially coats the individual fibres. In rock (stone) and slag wools the binders
account for up to 10% of the mass of the final product. Other additives applied to wools
may include antistatic agents, extenders and stabilizers, and inhibitors of micro-
organisms (TIMA, 1993). In recent years, alternatives to phenol–formaldehyde resins
such as melamine and acrylic resins have been used. 


The binder content of insulation wool products is typically quite low, but for high-
density products may range up to 25% by mass. In some products no binder is applied.
Such binder-free products are designed either for an application in which integrity of
the wool fibres is not necessary or in cases where that integrity is achieved by other
means, such as encapsulation in a plastic sheath. Typically, some lubricant is sprayed
on these fibres immediately after fibrization to protect them from mechanical damage
during processing and subsequent use (TIMA, 1993).


(v) Structural changes
Man-made vitreous fibres are noncrystalline and remain vitreous when used at


temperatures below 500 °C. At higher temperatures, they flow, melt or crystallize
depending on their composition. High-silica and low-alkali metal oxide compositions
such as refractory ceramic fibres, AES wools, and some rock (stone) wools will start
to crystallize at temperatures above 900 °C. The crystalline phases produced will
depend on composition and temperature. Longer exposure times are required for fibre
devitrification at lower temperatures (Brown et al., 1992; Laskowski et al., 1994).


1.1.3 Analysis


(a) Principle
Dust samples are collected by drawing a measured quantity of air through a filter.


For determination of the concentration of airborne dust, the collected dust is weighed.
For the examination of fibres by optical microscopy, the filter is rendered transparent
and mounted on a microscope slide. The numbers of fibres on a measured area of the
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filter are then counted visually using phase-contrast optical microscopy (PCOM)
following a set of counting rules. Samples for scanning electron microscopy (SEM) are
taken on filters that have a smooth surface suitable for direct examination. After
sampling, part of the filter is cut out, mounted on a specimen stub and coated with a thin
layer of gold (WHO, 1985) or platinum (Yamato et al., 1998). For transmission electron
microscopy (TEM), special preparation methods are used. Widely used methods of
measurement, as described in WHO (1996), represent a consensus reached by experts
from 14 countries, NIOSH (1994) and earlier versions of these methods. Since the
sampler design specifications for optical microscopy and counting criteria have all been
improved and standardized, the fibre concentrations assessed by the old and new
methods may not be directly comparable.


(b) Sampling
The sampler is mounted on a worker in the breathing zone or placed in a fixed


location where exposure is to be characterized. A range of filter diameters and filter-
holder designs has been used. The most recent sampling methods (NIOSH, 1994;
WHO, 1996) use a 25-mm diameter filter placed in an open-faced holder with a 50-mm
electrically conductive extension cowl. 


Fibres depositing inside the cowl are not considered in the NIOSH 7400 procedure,
and WHO (1996) states that fibres rinsed from the cowl should be disregarded when
calculating fibre concentration. Jacob et al. (1992) found average cowl losses of 25%
(standard deviation (SD), 12%) for sampling during the installation of residential glass-
fibre insulation. During manufacturing operations involving glass wool, the average
loss was 27% (SD, 13%) (Jacob et al., 1993). For refractory ceramic fibres, Cornett
et al. (1989) found an average cowl deposition of 17% (SD, 12%).


Fibre mass and fibre concentration have been determined from separate samples
(e.g. Schneider, 1979a) or from single samples used in turn for weighing and fibre
counting (e.g. Ottery et al., 1984). Fibre counting requires that the dust be uniformly
distributed across the filter, and therefore open-faced filters are used. However, for
proper sampling of inhalable and respirable dust, the samplers used must conform to the
specifications given in international standards (CEN, 1993; ISO, 1995).


(c) Gravimetric analysis
Gravimetric analysis measures the total mass of dust in a volume of air. The


collection filter is desiccated, conditioned to the relative humidity of the weighing room
and weighed before sampling and together with the collected dust after sampling. The
concentration of airborne particles, expressed as mg/m3, is calculated from the
sampling rate and the weight gain of the filter (Ottery et al., 1984). 


(d ) Fibre counting
Fibre counting methods are used to determine the concentration of airborne fibres. 
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(i) Counting criteria
The filter is rendered optically transparent and the fibres present within a specified


number of randomly selected areas are counted using a PCOM at a magnification of
× 500. The total number of fibres on the filter is calculated to give the concentration of
airborne fibres. Since the visibility of the thinnest fibres is dependent on the optical para-
meters of the microscope and on the refractive index of the filter medium, these para-
meters are also specified. The performance of the microscope in terms of visibility of
thin fibres is assessed using a standard test slide. The microscopy techniques are based
on those commonly used for the monitoring of asbestos. 


A countable fibre, as defined by WHO (1996), is any particle that has a length
> 5 µm, a length:diameter ratio larger than 3:1 and a fibre diameter < 3 µm (often
referred to as WHO fibres).


A fibre as defined by the NIOSH ‘B’ rules (1994) is any particle that has a length
> 5 µm, a length:width aspect ratio equal to or greater than 5:1 and a diameter < 3 µm.


Investigators in the USA typically used the NIOSH ‘A’ rule and its predecessor
P&CAM (Physical & Chemical Analytical Method) 239 (Taylor, 1977) until the late
1980s. The ‘A’ rule has no upper diameter bound and the aspect ratio lower limit is
3:1. Thus, the ‘B’ rule is bound to give lower results than the ‘A’ rule because some
fibres are excluded. The difference will depend on the bivariate fibre size distribution.
Breysse et al. (1999) found that this difference can be significant. For samples of
airborne glass and rock (stone) wool fibres, the ‘A’ rule gave approximately 70%
higher results than the ‘B’ rule. For loose insulation wool without binder, applied by
blowing, the difference was only 8%. For refractory ceramic fibres, the difference was
33%. However, Buchta et al. (1998) found no difference in the density of refractory
ceramic fibres measured by the two counting rules.


The criteria for counting fibres that are branching or crossing or that are attached
to other particles are marginally different between WHO (1996) and NIOSH (1994).
Laboratories in the USA using the NIOSH ‘B’ rule counted fibre densities on average
lower by 27% than European laboratories using the WHO method to count the same
set of pre-mounted slides (Breysse et al., 1994). Maxim et al. (1997) compared the
NIOSH ’B’ rule with the WHO rule and found that use of the NIOSH ’B’ rules
resulted in counts that were approximately 95% of those obtained using the WHO
rules.


Criteria for counting fibres that are not completely within the counting field are
also specified (NIOSH, 1994; WHO, 1996). Some of the previously used criteria have
overestimated the number of long fibres (Schneider, 1979b).


(ii) Fibre identification
The workplace atmosphere may be contaminated by fibres other than MMVFs


since, for example, fibres of cellulose, organic textiles and gypsum are ubiquitous.
The presence of particles that fulfil the counting criteria, but are not MMVFs, has been
acknowledged by several investigators. Jacob et al. (1993) studied the removal of pipe
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and ceiling insulation and, using the NIOSH ‘B’ rule, determined the arithmetic mean
concentration of fibres to be 0.13 fibre/cm3. Of the fibres present, 0.042 fibre/cm3 were
MMVFs (identified using morphology and polarized light microscopy (PLM)). In a
study of workers in the prefabricated wooden house industry in Sweden, MMVFs
constituted only about 25% of the total number of fibres in air samples (Plato et al.,
1995a). 


Switala et al. (1994) measured MMVF concentrations near emission sources and
used dispersion modelling, supplemented by PLM if it was not readily apparent that a
fibre was an MMVF. When assessing exposure in non-industrial environments and
exposure of the general public, care should be taken to discriminate between different
types of fibre and better criteria for identifying MMVFs are required (Schneider et al.,
1996). The work of Draeger et al. (1998), Rödelsperger et al. (1998) and data quoted
by Höfert and Rödelsperger (1998), indicate that the parallel edge criterion shows
promise as a replacement for the chemical composition criterion used in the past as an
inclusion criterion for MMVFs in addition to analysis of elemental composition.


NIOSH (1994) specifically states that it is incumbent on all laboratories to report
all fibres meeting the counting criteria. For assessing exposure to asbestos, however,
the method states explicitly that if serious contamination from other fibres occurs,
PLM can be used to eliminate non-crystalline fibres of diameter > 1 µm. WHO (1996)
provides guidance on the application of PLM for identifying many types of fibre with
diameters > 1 µm, such as cellulose fibres, many synthetic organic fibres and asbestos
fibres. The use of SEM with energy dispersive X-ray analysis (EDXA) can distinguish
between various types of MMVF. Transmission electron microscopy with EDXA and
electron diffraction is generally considered to be the most definitive method available
for providing both chemical and structural information on fibres down to 0.01 µm in
diameter (WHO, 1996). The VDI (1994) method for non-industrial environments is
based on SEM and EDXA. The VDI method provides guidelines on how to attribute
MMVFs to specific bulk MMVFs present in a building, according to a classification
scheme based on the presence and relative intensity of characteristic energy peaks in
the EDXA spectrum. Such fibres are termed ‘product fibres’.


While some attention has been paid to the effect on fibre counts of changing from
the NIOSH ‘A’ to the ‘B’ rule, much less attention has been paid to the differences
caused by using various approaches to exclude non-MMVFs.


(iii) Detection limit
In optical microscopy, the practical limit of detection is about 0.2 µm. For


conventional MMVFs, this is no great disadvantage, since they are mostly more than
1 µm in diameter. The median diameter of some airborne microfibres and other special-
purpose fibres, however, can range from 0.1–0.3 µm, and therefore a substantial
proportion of such fibres would not be detected using optical microscopy (Rood &
Streeter, 1985). Furthermore, some of these fibre types may have a refractive index
close to that of the filter medium, further increasing the difficulty in detecting them. In
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this case, special sample preparation methods should be used (Health and Safety
Executive, 1988).


For the NIOSH 7400 method (B counting rules), the quantitative working range is
0.04–0.5 fibre/cm3 for a 1000-L air sample. The detection limit depends on the sample
volume and quantity of interfering dust, and is < 0.01 fibre/cm3 for atmospheres free of
interferences (NIOSH, 1994). Using PLM, fibre concentrations below 0.001 fibre/cm3


have been measured (Schneider, 1986). 
For routine analysis, SEM allows good visualization of fibres as thin as 0.05 µm


(WHO, 1996). The percentage of visible fibres starts to decrease as fibre width decreases
below 0.3 µm. These figures vary according to the substrate, type of instrument and
display mode (Kauffer et al., 1993).


(iv) Quality assurance
During their exposure survey for the European epidemiological study (see


section 2), Cherrie et al. (1988) found that use of the WHO PCOM method, combined
with participation in interlaboratory workshops and slide exchanges, reduced the
difference between participating laboratories from a factor of 3 to 1.4. Their fibre
counting level increased by a factor of 3 and the exposure data have been corrected
accordingly. For another participating laboratory, the increase in fibre counting was by
a factor of 4.5. 


(e) Surface deposition
Particles deposited on the skin or on horizontal surfaces in buildings can be


removed using sticky foils (e.g. adhesive tape) and analysed by optical microscopy
(Cuypers et al., 1975; Schneider, 1986). Mucous threads and clumps from the inner
corner of the eye can be used to estimate particle deposition in the eyes (Schneider &
Stokholm, 1981).


( f ) Bulk material
The diameter distribution of bulk material can be uniquely characterized by using


the length-weighted (also termed ‘accumulated length’) diameter distribution. By this
method, a bulk sample is heated to remove organic binder and oil and is comminuted.
A small fraction is prepared for analysis by optical or electron microscopy. The length
of the fibres within each given diameter interval (but not the total fibre number) is
determined. The median is called the nominal diameter of the material. This
distribution can also be determined using the intercept method (Schneider & Holst,
1983) by which diameters are measured for all fibres intercepting a line. Since the
probability of intercepting the line is proportional to fibre length, this gives the length-
weighted distribution. 


To quantify the fibre diameter distribution of a wool product, typically a large
number of fibres from the product are measured individually, using either optical
microscopy or SEM. If the average fibre diameter is > 1 µm, the two techniques give
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comparable results. If it is appreciably less, the resolution of the optical microscope is
insufficient, and the SEM results are more accurate (TIMA, 1993).


Analytical methods for MMVFs in bulk material have been developed by the
industry and are based on optical microscopy (Koenig et al., 1993) and specific
techniques for refractory ceramic fibres are based on SEM (Alexander et al., 1997).


1.2 Production


1.2.1 History and production levels


Most of the MMVF produced worldwide is used as insulation. For at least the last
decade, glass wool, rock (stone) wool and slag wool have together met just over half of
the world demand for insulation, with the remainder consisting of foamed plastics such
as polyurethanes and polystyrenes and other minor products (cellulose, perlite, vermi-
culite, etc.). About 75% of the world’s insulation material is produced and used in
North America and Europe (the Freedonia Group, 2001).


World demand for glass, rock (stone) and slag wool insulation for selected years
and by region is presented in Table 8. Approximately 88% of glass wool and 80% of
rock (stone) and slag wool are used in the construction of residential and commercial
buildings, and 12% of glass wool and 20% of rock (stone) and slag wool are used in
industrial applications, including heating, ventilation and air conditioning, household
appliances and transportation (the Freedonia Group, 2001).


(a) Continuous glass filament
The production of continuous glass filament which began in the 1930s (TIMA,


1993; Vetrotex, 2001) is one of the smallest segments of the glass industry in terms of
tonnage. The USA is the biggest producer accounting for over 40% of worldwide
output; Europe and Asia each produce 20–25% of the total. Twenty-six furnaces were
in operation in the European Union in 1997, producing 475 000 tonnes of continuous
glass filament (Table 9) (EIPPCB, 2000).


(b) Glass wool, rock (stone) wool and slag wool
Insulation products made from rock (stone) and slag wool were first produced


around 1840 in Wales (Mohr & Rowe, 1978). By 1885, commercial manufacturing
plants for rock (stone) wool were also operating in England and later spread to Germany
and the USA (IARC, 1988). Glass wool was not produced commercially until the late
1930s and early 1940s (Mohr & Rowe, 1978). 


Although some rock (stone) and slag wool plants were already operating in the
USA and throughout Europe by the 1900s, the industry did not begin to grow until
after the First World War. By 1928, at least eight plants operated in the USA. By 1939,
the number of glass, rock (stone) and slag wool plants in the USA had increased to
more than 25 (IARC, 1988).
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Table 8. World demand for insulation


1989 1994 1999


World demand for insulationa (thousand tonnes) 8564 9060 10 683
Rock (stone) and slag wool (thousand tonnes) 2641 2738    3090
Glass wool (thousand tonnes) 2646 2800    3493


Demand for rock (stone)/slag and glass wool insulation by region


Rock (stone)/
slag


Glass Rock (stone)/
slag


Glass Rock (stone)/
slag


Glass


North America   223 (8.4%) 1508 (56.9%)   208 (7.6%) 1542 (55.1%)   236 (7.6%) 1915 (54.8%)
Western Europe 1195 (45.2%)   690 (26%) 1259 (46%)   757 (27%) 1374 (44.5%)   812 (23.2%)
Rest of the world 1223 (46.3%)   450 (17%) 1271 (46.4%)   500 (17.9%) 1480 (47.9%)   770 (22%)


a From the Freedonia Group (2001)
a All types of insulation, including rock (stone), slag and glass wools, foamed plastics and other minor products


p
p
0
4
3
-
1
3
2
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
4
:
3
0
 
 
P
a
g
e
 
6
5







Glass fibre manufacturers opened new markets such as textile manufacturing,
while rock (stone) wool and slag wool manufacturers continued to supply the thermal
insulation market. The number of rock (stone) wool and slag wool plants in the USA
peaked at between 80 and 90 in the 1950s and then declined as glass wool began to be
used more in thermal insulation. In Europe, rock (stone) wool plants predominated
until the mid-1970s when glass wool use increased (IARC, 1988). Table 10 gives the
number of plants in various areas in 2000, and the volumes of MMVFs produced by
these plants are presented in Table 11.


(c) Refractory ceramic fibres
Refractory ceramic fibres were first produced in the USA in the 1940s for the


aerospace industry. The commercial importance of refractory ceramic fibres increased
during the 1970s when rising energy costs created a strong demand for efficient
refractory insulating products (Schupp, 1990; Maxim et al., 1994). 


Although refractory ceramic fibre is a refractory insulating product with a defined
market niche, the annual volume produced worldwide is relatively small (1–2% of the
total production of MMVFs) (National Research Council, 2000). Table 12 shows
estimates of capacity for refractory ceramic fibre production by region and by country
for the year 1990 (Monopolies and Mergers Commission, 1991). In 2000, the world
market for refractory ceramic fibres was estimated to be 150 000–200 000 tonnes per
year; the market was divided approximately equally between the Americas, Europe
and the rest of the world (NAIMA/EURIMA, 2001).
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Table 9. Glass filament production in the European Union in 1997


No. of
plants


No. of
furnaces


Percentage of total
European Union
production


Northern Europe   5 10 43
  Finland   1   3
  Germany   1   1
  Netherlands   1   2
  United Kingdom   2   4


Central and southern Europe   7 16 57
  Belgium   2   7
  France   2   4
  Italy   2   3
  Spain   1   2


Total 12 26 475 000 tonnes


From EIPPCB (2000)
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(d ) Newly developed fibres
In recent years, newer fibres, often with reduced biopersistence, have been


developed for specific purposes. Examples include the high-alumina, low-silica (HT)
wools, more than 1 million tonnes of which were produced for the European market in
2000 (Rockwool International, 2001) and the alkaline earth silicate (AES) wools,
10–20 thousand tonnes of which were produced in Europe in 2000 (ECFIA & RCFC,
2001).


1.2.2 Production methods


Figure 2 is a generic representation of the processes involved in producing
MMVFs.


The technological changes that have occurred in the MMVF industry had the
potential to affect the distribution of diameters in the bulk material, the propensity of
the product to release fibres, the production rate and the extent of manual handling of


EXPOSURE DATA 67


Table 10. Number of plants manufacturing glass wool,
rock (stone) wool and slag wool in selected regions


Location Glass wool Rock (stone) wool
and slag wool


Australia and New Zealand   4   1
Canada   8   3
Europe 30 30a


Japan and China   6   8
USA 32 12


From NAIMA/EURIMA (2001)
a Includes manufacture of high-alumina, low-silica wools


Table 11. Volume of glass wool, rock (stone) wool and slag
wool manufactured in selected regions (thousand tonnes)


Location Year Glass wool Rock (stone) wool
and slag wool


Australia and New Zealand 2000     42       6
Europe 2000 1300 1200a


Japan and China 1999   223   342
USA 2000 1950   746


From NAIMA/EURIMA (2001)
a Includes manufacture of high-alumina, low-silica wools
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Table 12. Estimated production capacity for refractory ceramic fibres
by region and country in 1990


Region Country Production
capacity
(thousand
tonnes)


Percentage
of subtotal


Percentage of
total


Australia     3.10   11.0     2.0
India     3.50   12.4     2.2
Japan   17.50   62.1   11.0
Malaysia     0.90     3.2     0.6
Republic of Korea     2.30     8.2     1.4
Taiwan, China     0.90     3.2     0.6


East Asia and
  Oceania


  Subtotal   28.20   17.77


Former Czechoslovakia     1.60     3.0     1.0
France   21.50   39.8   13.6
Germany     7.90   14.6     5.0
Hungary     1.20     2.2     0.8
Italy     1.50     2.8     0.9
Poland     2.20     4.1     1.4
Spain     1.60     3.0     1.0
United Kingdom   15.00   27.8     9.5
Former Yugoslavia     1.50     2.8     0.9


Europe


  Subtotal
  54.00   34.0


Canada     2.00     4.3     1.3
Puerto Rico     2.75     6.0     1.7
USA   41.40   89.6   26.1


USA and
  Canada


  Subtotal   46.15   29.1


Brazil     4.75   51.1     3.0
Mexico     3.80   40.9     2.4
Venezuela     0.75     8.1     0.5


Latin America


  Subtotal     9.30     5.9


Chinaa     7.50   35.7     4.7
South Africa     3.50   16.7     2.2
Former Soviet Uniona   10.00   47.6     6.3


Other


  Subtotal   21.0   13.2


  Total 158.65 100.0


Secondary source: Monopolies and Mergers Commission (1991) citing Morgan Crucible
estimates
a Countries for which these estimates are less reliable
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the products. Such changes may have resulted in qualitative differences in the concen-
trations of airborne fibres and may thus have affected exposure levels. For epidemio-
logical purposes, three technological phases in the history of the European insulation
wool manufacturing industry have been defined between the 1930s and the 1970s
(Dodgson et al., 1987a):


(i) the early phase, corresponding to periods when MMVFs were manufactured
by discontinuous batch production and/or oil was not added during production;


(ii) the late phase, corresponding to modern production techniques including the
addition of oil; and


(iii) the intermediate phase which included all the mixed production processes
excluded by definition from (i) and/or (ii).


The timing of the three phases differs between the ten manufacturing plants
surveyed by Dodgson et al. (1987a), so that for the industry as a whole, the early phase
spans the period from 1933–68, the intermediate phase from 1940–69, and the late
phase from 1951–78 (the last year included in the study).


The history of the production of glass, rock (stone) and slag wool and refractory
ceramic fibres in the USA has essentially paralleled the development of the fiberization
process. The steam-blown process that was initially used to produce MMVFs was
quickly replaced by the flame attenuation process in the mid-1940s. The spinning
process was introduced in the mid-1950s and was further enhanced in the rotary process
that was introduced in the late 1950s and remains the primary means of fibre production
today (Mohr & Rowe, 1978; TIMA, 1993). Lubricating oils and mineral oils were used
in the manufacturing process from its inception. The early binder formulations
contained inorganic minerals (e.g. clay) and petroleum-based mixtures, but these were
rapidly replaced in the mid 1940s and early 1950s by the phenol–formaldehyde system
which has been used predominantly ever since (TIMA, 1993).
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From EIPPCB (2000)


Figure 2. Schematic of a typical MMVF manufacturing plant
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(a) Continuous glass filament
To produce continuous glass filament, the raw materials are mixed together, or


supplied as pre-formed marbles, and melted in a gas-fired or electrically-heated
furnace. The resulting glass then flows from the front end of the furnace through a
series of refractory-lined, gas-heated channels to the forehearths. Along the bottom of
each forehearth are bushings, complex box-like structures made of precious metal, and
at the base of the bushing is a metal plate perforated with several hundred calibrated
holes called bushing tips. As illustrated in Figure 3, the glass flowing through the
bushing tips is drawn out and attenuated by the action of a high-speed winding device
to form continuous filaments. Specific filament diameters in the range of 5–24 µm are
obtained by precise regulation of the linear drawing speed. Directly under the bushing,
the glass filaments are cooled rapidly by the combined effect of water-cooled metal
fins, high airflow and water sprays. The filaments are drawn together and pass over a
roller or belt, which applies a protecting and lubricating coating, called size. 
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Figure 3. Continuous drawing process for manufacturing textile fibres


From TIMA (1993)
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The coated filaments are gathered together into bundles called strands that are
further processed (e.g. by chopping, twisting, milling and/or the application of binder),
depending on the type of reinforcement being made as end-use. The typical products
of these processes include continuous and chopped strand mat, yarns, roofing or
surface tissue, rovings and roving cloths (EIPPCB, 2000). 


(b) Glass wool
During the production of glass wool by the rotary process, raw materials are


blended and melted in an electrically heated furnace, an oxy-gas furnace or a traditional
refractory-lined, gas-fired recuperative furnace. As depicted in Figure 4, a stream of
molten glass flows from the furnace along a heated refractory-lined forehearth and
pours through a number of single-orifice bushings into specially designed rotary
centrifugal spinners. Primary fiberizing is the result of the centrifugal action of the
rotating spinner; fibres are further attenuated by hot gases from a circular burner. This
forms a veil of randomly interlaced fibres with a range of lengths and diameters. The
veil passes through a ring of binder sprays that deposit a phenolic resin binder and
mineral oil onto the fibres to provide integrity, resilience, durability and handling
quality to the finished product (EIPPCB, 2000).


The resin-coated fibre is drawn under suction onto a moving conveyor to form a
mat of fibres. This mat passes through a gas-fired oven, which dries the product and
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From TIMA (1993)


Figure 4. Rotary process for manufacturing glass wool fibres
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cures the binder. The product is then air-cooled and cut to size before packaging. Fibres
trimmed from the edges can be granulated and blown back into the fibre veil, or
combined with surplus product to form a loose wool. Some glass wools are produced
without oven curing, (e.g. microwave-cured, hot-pressed, uncured or binder-free
products). Also, certain laminated products are made by the application of a coating
(e.g. aluminium foil or glass tissue) which is applied with an adhesive (EIPPCB, 2000).


A range of secondary products can be made from manufactured glass fibre. These
include granulated insulation wool for installation by blowing, packaged uncured wool
for supply to customers for further processing, and laminated or faced products. Pipe
insulation is a significant secondary product that is usually manufactured by diverting
uncured wool from the main process for press moulding and curing (EIPPCB, 2000).


Special-purpose fibres


Glass wool can also be made by the flame attenuation (pot and marble) process,
which is more commonly used for the production of special-purpose fibres. This is a
two-step process as shown in Figure 5. First, a coarse primary filament is drawn from
a viscous melt. The coarse fibre is then remelted and attenuated into many finer fibres
using a high-temperature gas flame, normally mounted at right angles to the primary
fibre. Fibres are usually propelled by the high-velocity gases through a forming tube,
where they are sprayed with a binder, and then to a moving collection chain where
they deposit and tangle, producing a mat which is further processed into a variety of
special application and filtration products (TIMA, 1993).


(c) Rock (stone) wool
The first step in the manufacture of rock (stone) wool is to melt a combination of


alumino-silicate rock (usually basalt), blast furnace slag and limestone or dolomite. The
batch may also contain recycled process or product waste. The most common melting
apparatus is the coke-fired hot-blast cupola. The cupola consists of a cylindrical steel
mantle which may be refractory-lined and closed in at the bottom. The cupola is
charged to the top with raw materials and coke. Oxygen-enriched air is injected into the
combustion zone, 1–2 m from the bottom of the cupola. The molten material gathers in
the bottom of the furnace and flows out of a notch and along a short trough from where
it falls onto the rapidly rotating wheels of the spinning machine and is thrown off in a
fine spray, producing fibres (Figure 6). Air is blasted from behind the rotating wheels
to attenuate the fibres and to direct them on to the collection belt. Binder (an aqueous
phenolic resin solution) is applied to the fibres by a series of spray nozzles on the
spinning machine. The primary mat is layered to give the product the required weight
per unit area, and passes through an oven, which sets the thickness of the mat, dries it
and cures the binder. The product is then air-cooled and cut to size before packaging
(EIPPCB, 2000).
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Pipe insulation and some secondary products may be manufactured by the process
described for glass wool (EIPPCB, 2000).


Rock (stone) wool can also be produced using immersed electric arc furnaces
(graphite electrodes) and flame furnaces. The subsequent operations including
fibrization are the same as described above (EIPPCB, 2000).


(d ) Slag wool
The production of slag wool is similar to that of rock (stone) wool. Slag wool is


made by melting the primary component, blast furnace slag, with a combination of
inorganic additives. The batch may also contain recycled process or product waste. As
with rock (stone) wool, the most common melting apparatus is the coke-fired cupola,
but immersed electric arc furnaces and flame furnaces may also be used. The
subsequent process operations including fibrization are the same as for the production
of rock (stone) wool (EIPPCB, 2000).
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Figure 5. Flame attenuation process for manufacturing special-purpose glass fibres


From TIMA (1993)
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(e) Refractory ceramic fibres 
Refractory ceramic fibres are produced by melting a combination of alumina and


silica in approximately equal proportions at temperatures up to 2000 °C or in the USA
by melting kaolin clay together with several trace ingredients. The molten mixture is
made into fibre either by blowing an air stream on to the molten material flowing from
an orifice at the bottom of the melting furnace (the blowing process; Figure 7), or by
directing the molten material into a series of spinning wheels (the spinning process;
Figure 6). The fibres are either collected directly as bulk fibre, or further processed
into a blanket by a needling process. Although refractory ceramic fibres are sold in a
variety of forms, all start with the production of either bulk or blanket material, termed
‘primary refractory ceramic fibre production’ (TIMA, 1993; EIPPCB, 2000).


The physical properties of the refractory ceramic fibre produced vary according to
the method of fibrization. Spun fibre, for example, usually has a higher average diameter
than blown fibre (TIMA, 1993).


The processing of refractory ceramic fibres begins with the fibre in either bulk or
blanket form. Bulk material may be used directly, but is usually used as a feedstock for
other processes. Bulk material can be converted into paper, board, felt, textiles,
vacuum-formed products or dispersed in a fluid or solid matrix for other applications.
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Figure 6. Wheel centrifuge or spinning process for manufacturing rock (stone)
and slag wool and some refractory ceramic fibres


From TIMA (1993)
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The blanket form is often used directly (e.g. as a furnace insulation material), but may
be fabricated into modules, gaskets and other products. These ‘downstream’ processing
operations may be carried out in the plants of the primary producers or in plants
operated by other firms (EIPPCB, 2000).


( f ) Newly developed fibres
Alkaline earth silicate (AES) wools are made using the same equipment that is used


to manufacture refractory ceramic fibres, although the different compositions of
refractory ceramic fibres and AES wools result from very different operating condi-
tions for furnacing and fibrization.


The high-alumina, low-silica fibres are produced by processes similar to those
described for rock (stone) wool, but briquettes (artificial stones) containing fine-grained
raw material with a high melting point such as quartz sand, olivine sand and bauxite are
used as starting materials (Guldberg et al., 2002).


1.3 Uses


1.3.1 Continuous glass filament


Continuous glass filament products are used in a broad variety of applications, but
their main end-use (approximately 75%) is as reinforcements in composites with
thermosetting or thermoplastic resins. The main markets for composite materials are
the automotive and other transport industries, the electrical and electronics industry
and the building industry. Around 50% out of the sector output goes into the building
and automotive/transport industries (EIPPCB, 2000). 
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Figure 7. Fibre blowing process for manufacturing refractory ceramic fibres


From TIMA (1993)
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Chopped strand mats are used to reinforce thermoplastics in the construction of
boat hulls and decks, vehicle bodies, sheeting and storage tanks. Continuous strand
mats are used in laminate production, when press moulding is employed, and to
improve the appearance and strength of the laminates. Rovings have a variety of uses.
They may be chopped to make chopped strands, woven into roving cloth or wound onto
a mould for making convex-shaped composites such as nose cones for aeroplanes.
Rovings are also used to reinforce plastic parts and in applications that require electrical
insulation. In addition to being used as a reinforcement in thermoplastics, chopped
fibres are used as a reinforcement in roof mat, which is commonly used to cover
concrete or wooden roofs. Glass fibre mat is also used as a reinforcement in vinyl floor
tiles and sheet linoleum floor covering (Loewenstein, 1993). Glass fibre yarns are used
in the manufacture of glass cloth and heavy-duty cord for tyre reinforcement. The main
market for glass textiles is the electronics industry where they are used in the
production of high-quality printed circuit boards (EIPPCB, 2000). Other important uses
are for aeroplane structures and for fireproof textiles, such as draperies and emergency
protective clothing (IARC, 1988). 


1.3.2 Glass wool, rock (stone) wool and slag wool


Figure 8 shows the main uses of glass, rock (stone) and slag wools.


(a) Thermal and acoustic insulation, fire protection
Whatever the method employed to manufacture glass, rock (stone) or slag wools, the


small-diameter, stiff, tangled fibres of these vitreous wools form a spongy mass, in
which millions of small air pockets are trapped. These air pockets create an effective
barrier against the transmission of both heat and sound energy. Therefore, glass, rock
(stone) and slag wools provide effective thermal insulation for buildings (i.e. they help
to keep buildings warm in the winter and cool in the summer). Many different areas of
the home may be protected thermally: ceilings, side walls, perimeters of slabs, floors and
other areas. Sound reduction is also an important use of glass, rock (stone) or slag wools,
not only in buildings, but also in appliances, machinery and air-handling systems.


The insulation of homes, other buildings and industrial processes against heat loss
and heat gain represents the largest single use for glass, rock (stone) and slag wools;
up to 70% of industry output is for these applications (EIPPCB, 2000). Vitreous wools
can be blown into structural spaces, such as in walls and attics. Bulk rock (stone) wool
and glass fibre rovings are incorporated into ceiling tiles to provide fire resistance and
thermal and sound insulation. Batts, blankets and semi-rigid boards made of glass,
rock (stone) or slag wool fibres are used in both residential and commercial buildings.
Pipe and board insulation is used extensively in industrial processes. 


Sound absorption: Glass, rock (stone) or slag wool insulation in partitions, floors
and ceilings significantly reduces sound transmission.
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Figure 8. Main uses of glass, rock (stone) and slag wools


Modified from various industry sources.
T, thermal; A, acoustic; F, fire protection
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Ceiling tiles and wall panels: Ceiling tiles and wall panels that serve as acoustical
and thermal insulators can be made from glass, rock (stone) or slag wools.


Pipe and air-handling insulation: Glass, rock (stone) or slag wool can be used to
insulate cold and hot pipes both indoors and outdoors and in many climates. They are
also used on sheet-metal ducts and plenums for thermal and acoustical insulation,
resulting in quieter and more energy efficient heating and air conditioning systems.


Appliance and equipment insulation: Glass, rock (stone) or slag wools are effective
thermal and acoustical insulators and improve energy efficiency in many electrical
appliances and other types of machinery.


Transportation insulation: Vehicles or carriers (cars, ships, aircraft and spacecraft
are fitted with glass wool insulation to enhance their performance and to provide the
required thermal and acoustic conditions for the goods or passengers being
transported. Glass wool and rock (stone) wool are also used in sound-absorbent barrier
panels alongside motorways and railways.


(b) Other uses
Glass wool and rock (stone) wool are used as growing media and for soil condi-


tioning in agriculture (EIPPCB, 2000), especially for vegetables and flowers. Rock
(stone) wool mats are used for insulation of railway and tramway tracks against
vibration.


(c) Special-purpose glass fibres
The largest market for special-purpose glass wool is in battery separator media.


The primary component of such media is an acid-resistant borosilicate glass fibre with
an average fibre diameter ranging from 0.75–3 µm. The purpose of the media is the
physical separation of the positive and negative plates within the battery, while
enabling the sulfuric acid electrolyte to pass through the media and the filtration of
impurities (TIMA, 1993).


Glass fibre is widely used as a filtration medium because it has unique properties,
such as strength and non-hygroscopicity. Papers made from very thin-diameter fibres
(average fibre diameter 0.1–1 µm) are used for high-efficiency air filtration media
(TIMA, 1993).


1.3.3 Refractory ceramic fibres


The important physical properties of refractory ceramic fibres are their relatively
high (1000–1460 °C) maximum use temperature (EIPPCB, 2000), low thermal
conductivity, very low thermal mass (low bulk heat capacity), resistance to thermal
shock and low density (light weight). Refractory ceramic fibres are produced and sold
in a variety of physical forms, including bulk, blanket, felt, modules, board, vacuum-
formed shapes, mixes, cements, putties and textile. The main applications and product
characteristics vary with the product form (Table 13).
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Refractory ceramic fibres are used chiefly in industrial applications; they have few
consumer uses. In the USA, the largest percentage of the demand for refractory ceramic
fibres (63%) in 1990 was for furnace lining and related applications (ECA, 1996).
According to the estimates of the MMVF industry in the USA, six key sectors of the
economy: ceramics, glass, forging, hydrocarbon processing, aluminium and steel
consume 70–80% of the refractory ceramic fibres used for furnace lining and related
applications. 


Table 14 provides estimates of the percentages of the European refractory ceramic
fibre market accounted for by various applications (ERM, 1995); furnace applications
are the largest single market (50%). Data on markets and applications for refractory
ceramic fibres in other areas of the world are not readily available, but they are
believed to be similar to those in Europe and the USA (Horie, 1987).


Examples of applications of refractory ceramic fibres include: appliances (water
combustion chambers, hearth products, fireplace logs, stove tops), automotive uses
(catalytic converters, brake pads, air bags, heat shields), chemical applications (ethylene
furnace insulation, reformer insulation, crude heaters), fire protection (temperature-
resistant door lining, chimney liners, expansion joints), iron and steel incinerators (ladle
preheat stands and covers, continuous casters, reheat furnaces, coke ovens), non-ferrous
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Table 13. Major applications of refractory ceramic fibres


Product form Major applications Product
characteristics


Blanket, felt, modules Furnace, kiln lining; firewall protection; high-
temperature gaskets and seals for expansion
joints; turbines; insulation wraps


Low thermal conduc-
tivity; flexibility;
strength


Bulk Fill-in packaging material for expansion joints;
furnace base seals; conversion to other forms


Resilience


Board Expansion joints; furnace, kiln back-up
insulation; furnace lining; heat shields


Resilience, rigidity,
resistance to high air
velocity


Paper Thermal, electrical insulators; refractory backup;
ingot mould linings


Low thermal conduc-
tivity, dielectrical
properties


Vacuum-formed shapes Furnace linings (boards), insulation for special
foundry components


Variable


Mixes, textiles
  (cloth, rope, sleeving)
  and miscellaneous


Patching refractory cracks and fissures; composite
insulation for space firings and launchings; cloth
(furnace curtains, welding curtains and blankets);
sleeving (tube protection, cable insulation)


Resilience, insulating
properties


From ECA (1996)
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metal incinerators (soaking pit covers, melting furnaces), power generation (co-gene-
ration systems, turbine exhaust duct work, heat recovery steam generators, various types
of boiler), aerospace and defence (heat shields) (Horie, 1987; ICF, Inc., 1991; ERM,
1995; ECA, 1996).


1.3.4 Newly developed fibres


Alkaline earth silicate wools generally have the same market applications as
refractory ceramic fibres. However, although AES wools tolerate continuous service
temperatures above those of rock (stone) wool and slag wool, they are below those
tolerated by refractory ceramic fibres and therefore AES wools cannot be substituted
for refractory ceramic fibres in all applications.


High-alumina, low-silica wools are now widely used in the same applications as
rock (stone) wool.


1.4 Occurrence


1.4.1 Occupational exposure


The extent to which exposure to MMVFs occurs during their manufacture, fabri-
cation, installation and end-use has been the subject of reviews and reports for some
time. The European CAREX database (Kauppinen et al., 2000) estimated that approxi-
mately 930 000 workers were exposed to glass wool and/or continuous glass filament,
and 62 000 to refractory ceramic fibres in the European Union in 1990–93. 


In the late 1960s, exposure to MMVFs was evaluated as total dust (gravimetric)
concentrations (i.e. mg/m3) as a result of the then existing regulatory requirements and
the limitations of the sampling and analytical equipment available at the time (see
section 1.1.3). However, the critical evaluation of exposure data collected using this
methodology (Corn & Sansone, 1974; Corn et al., 1976; Esmen et al., 1978, 1979a,b;
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Table 14. The European market for refractory ceramic
fibres by application


Application Proportion of the
market (per cent)


Furnace, heater and kiln linings 50
Appliances 20
Metal processing (excluding furnace linings) 10
Automotive uses   5
Fire protection   5
General industrial insulation 10


From ERM (1995), citing estimates prepared by ECFIA
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Head & Wagg, 1980) revealed that for a given exposure reported in mg/m3, considerable
variation in the concentration of airborne fibres was possible depending on the mean
aerodynamic diameter of the fibres being evaluated, and the presence of other particulate
matter in the environments being studied. 


Thus, sampling and evaluation of exposure to MMVFs came to rely on fibre counts
made using optical and electron microscopy (Taylor, 1977; Eller, 1984; WHO, 1985).
These became the conventional means of reporting the extent of the exposure of indi-
viduals to fibres in occupational environments. These methods were based on an
explicit definition of what constituted a fibre (see section 1.1.3) and reported the results
in fibres/cc (i.e. fibres/cm3 or fibres/mL); they had the advantage not only of standar-
dizing the approach to fibre monitoring, but also producing results in terms of
‘respirable’ fibres only. This is significant because, as discussed more fully in
section 4.1, airborne fibres with diameters of 3 µm or less are currently thought to be
the most likely to have adverse effects on human health. 


Considerable quantities of data were obtained using these standardized methods
for the evaluation and reporting of exposure to MMVFs in the MMVF manufacturing
and installation industries. These data gave relatively consistent results from one
MMVF product type to another irrespective of the geographical location of the manu-
facturing or installation site. For this reason, the MMVF exposure data presented here
report the results in fibres/cm3 only.


Certain factors must, however, be considered when interpreting the results of
individual studies or comparing the results of two or more of the studies described
below. The length of the fibre sampling period (i.e. full-shift or short-term) as well as
the sample type (i.e. personal or area) is significant. Similarly important are the fibre
counting methods and the type of microscopy (i.e. PCOM, TEM or SEM) used for
sample analysis. As noted above, fibre counting methods and microscopy techniques
have evolved over time, and the results obtained using the NIOSH P & CAM 239
method (Taylor, 1977) in the 1970s and early 1980s are not directly comparable to
those obtained using the WHO method and the NIOSH 7400 (B counting rules) method
(Eller, 1984) from the late 1980s onwards (WHO, 1996).


The manner in which the data on MMVFs is presented or summarized in each
study is also significant when interpreting the results. Arithmetic means or medians
with standard deviations and sample ranges have been reported in some studies while
geometric means with geometric standard deviations were given in others. In common
with most other types of occupational exposure, the concentrations of airborne fibres
are better described by a log-normal than a normal distribution (Leidel et al., 1977).
In contrast to normally distributed data sets which tend to follow traditional Gaussian
(i.e. bell shaped) distributions, log-normal data sets are generally positively skewed
(long ‘tail’ to the right) indicating a larger probability of very high individual exposure
concentrations than would be the case for normally distributed data sets. Geometric
means are the preferred method of expressing central tendency for log-normally distri-
buted data sets, and are usually smaller and more similar to arithmetic medians than
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to arithmetic means for a given set of data. Each study presented in section 2 should
thus be carefully interpreted to determine the influence of each of these factors, indi-
vidually or in combination, on the results.


Exposure is normally determined principally by counting airborne fibres, but for the
complete characterization of fibre sizes the joint values of diameter and length of each
fibre should also be determined. The size distribution of a population of fibres charac-
terized in this way can be summarized by count geometric mean, GM, and geometric
standard deviation, GSD, of diameter, D, and length, L, and the correlation between
loge(D) and loge(L), CORR. If the distribution is bivariate log-normal, these five para-
meters will completely specify the size distribution (Schneider, 2000). Table 15 presents
the data on the sizes of airborne fibres analysed by electron microscopy in several
studies.


(a) Exposure in production plants
(i) United States of America


Among the earliest evaluations of the exposure of workers in MMVF production
facilities in the USA was a survey conducted by Johnson et al. (1969) of five glass
fibre factories, four of which manufactured insulation material and one that produced
textile (i.e. continuous glass filament) fibres. The results were reported in terms of
both gravimetric (i.e. mg/m3) and airborne fibre (i.e. fibre/cm3) concentrations. The
concentrations of airborne fibres longer than 5 µm ranged from 0.0–0.97 fibre/cm3 in
the insulation plants and from 0.0–1.97 fibre/cm3 in the textile fibre plant. From the
results presented in Table 16, the authors of the survey concluded that exposure was
low when compared with that measured for similar operations performed in the
asbestos processing industry at the time.


In a follow-up of this work, Dement (1975) surveyed concentrations of airborne
fibres in four glass fibre facilities that manufactured ‘large-diameter’ (i.e. most fibre
diameters > 1 µm) insulation products and six facilities that produced and/or used
‘small-diameter’ (i.e. most fibre diameters < 1 µm) fibre products. One facility that
manufactured glass-fibre reinforced products was also surveyed. The results of the
analysis of air samples taken at the plants where ‘large-diameter’ glass fibre insulation
was produced were classified according to the fibre-forming method and fabrication
operations within each plant. The mean and range for concentrations of airborne fibres
is shown in Table 17. The highest mean concentration of fibres measured in these faci-
lities was 0.20 fibre/cm3 in the ‘all other operations’ category of plant C. The results of
the analysis of air samples taken at the facilities that produced and used ‘small-
diameter’ glass fibre were grouped according to product type and fabrication operations
within each plant. The mean and range for concentrations of airborne fibres measured
at these plants is shown in Table 18. In contrast to the results seen in the plants where
‘large-diameter’ glass-fibre insulation was produced, the mean concentrations of air-
borne fibres from ‘small-diameter’ glass fibre bulk-handling operations ranged from
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Table 15. Bivariate size distributions of airborne fibres in various occupational settings summarized by
various parameters


Reference Type Method GM (D) GSD (D) GM (L) GSD (L) CORR


Cherrie et al.
(1987)


Simulation of early rock (stone) wool
production


SEM 0.3–0.5 1.9–2.7 7.0–9.0 2.2–3.0 0.4–0.6


Use of rock (stone) wool 1.2 2.7 22 4.0 0.7Schneider et al.
(1985) Use of glass wool


SEM
SEM 0.75 2.8 16 3.5 0.7


Use of glass wool 0.8–1.9 1.4–1.9 9.5–30 1.4–2.5 0.2–0.7Breysse et al.
(2001) Use of rock (stone) wool


SEM
SEM 1.6–1.9 1.6–1.9 19 1.7–2.7 0.4–0.6


House prefabrication: glass wool 0.91–1.2 1.7–1.8 9.2–9.3 2.3–2.5 –Plato et al.
(1995a) House prefabrication: rock (stone) wool


SEM
SEM 1.3–1.7 1.9 12–17 2.5–2.8 –


Installation of MMVF batts 0.9–1.3 2.2 22–37 2.8–2.9 0.5–0.6
Installation of loose MMVF with binder 1.0–2.0 1.8–2.2 30–50 2.3–2.6 0.4–0.6


Lees et al.
(1993)


Installation of loose MMVF wool without
binder


SEM
SEM
SEM 0.60 1.9 14–15 2.4–2.6 0.5–0.6


Maxim et al.
(2000a)


RCF production and use TEMa 0.84 2.1 14 2.5 0.4


RCF, factory A SEM-micrographs 0.96–1.2 1.7–1.9 12–19 2.4–2.6 –Hori et al.
(1993) RCF, factory B SEM-micrographs 0.86 1.9–2.0 11–13 2.4–2.6 –


GM, geometric mean; D, diameter; GSD, geometric standard deviation; L, length; CORR, correlation between loge(D) and loge(L); –, not
determined; RCF, refractory ceramic fibre; SEM, scanning electron microscopy; TEM, transmission electron microscopy
a For analytical method, see Mast et al. (2000a)
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Table 16. Fibre concentrations (fibre/cm3) by plant and operation


Total fibres Fibre length > 5 µm Fibre length > 10 µmOperations Plant no.a


Mean Range Mean Range Mean Range


Mixing and melting 1 – – – – – –
2 3.64 3.64 0.97 0.97 0.54 0.54
3 0.66 0.41–1.03 0.16 0.10–0.26 0.08 0.02–0.16
4 0.30 0.08–0.67 0.10 0.02–0.25 0.04 0–0.07
1–4b 1.53 0.08–3.64 0.41 0.02–0.97 0.22 0–0.54
5 0.09 0.09 0.04 0.04 0 0


Forming 1 – – – – – –
2 0.41 0.04–2.95 0.12 0–0.56 0.08 0–0.35
3 0.15 0.02–0.45 0.04 0–0.14 0.02 0–0.09
4 0.19 0.07–0.31 0.07 0.01–0.19 0.03 0–0.06
1–4b 0.25 0.02–2.95 0.08 0–0.56 0.04 0–0.35
5 0.10 0–0.19 0.02 0–0.04 0.01 0–0.04


Spinning, twisting and
  waste recovery


5 0.72 0.03–12.67c 0.11 0–1.97 0.01 0–0.06


From Johnson et al. (1969) (personal samples; 2–7 h sampling times; analysis by phase-contrast optical microscopy
including fibres < 5 µm in diameter)
a Plants 1–4 are insulation manufacturing plants; Plant 5 is a textile manufacturing plant.
b Combined results for plants 1–4
c [The Working Group noted that this range is not reliable because of the difficulty of discriminating between vitreous fibres
and other particles with the methodology used.]
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1.0–21.9 fibres/cm3; the highest fibre concentration observed was 44.1 fibres/cm3 in
plant G. 


In the plant that produced glass-fibre reinforced plastics, the concentrations of
airborne fibres ranged from 0.02–0.10 fibre/cm3 with a mean concentration of
0.07 fibre/cm3 for lamination operations and 0.03 fibre/cm3 for cutting and grinding
operations. Dement (1975) commented that the nominal diameter of the fibres produced
was a principal factor in determining the concentrations of airborne fibres present. 


The largest body of data on exposure of production workers in the USA was
collected in support of an epidemiological study of the MMVF industry (Corn &
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Table 17. Concentrations of airborne fibres (fibre/cm3) in wool insu-
lation facilities manufacturing ‘large-diameter’ (> 1 µm) glass fibres


Insulation plantForming method or operation


A B C D


Centrifugal-formed building
insulation
  Mean 0.07 0.08 0.09 0.09
  Range 0.04–0.13 0.00–0.18 0.08–0.12 0.01–0.83
  Number of samples 9 19 4 22


Centrifugal-formed appliance
insulation
  Mean – 0.04 – 0.06
  Range – 0.01–0.11 – 0.02–0.09
  Number of samples – 13 – 22


Flame-attenuated insulation
  Mean 0.04 – 0.14 –
  Range 0.02–0.06 – 0.04–0.24 –
  Number of samples 8 – 2 –


Pipe insulation
  Mean 0.07 – 0.14 –
  Range 0.03–0.12 – 0.06–0.27 –
  Number of samples 10 – 6 –


Scrap reclamation
  Mean 0.06 0.07 0.10 0.07
  Range 0.03–0.15 0.02–0.47 0.08–0.13 0.01–0.14
  Number of samples 10 4 5 7


All other operations
  Mean 0.07 0.04 0.20 –
  Range 0.01–0.13 0.01–0.08 0.04–0.26 –
  Number of samples 10 12 4 –


From Dement (1975) (personal and stationary samples; analysed by PCOM)
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Sansone, 1974; Corn et al., 1976; Esmen et al., 1978, 1979a) (see IARC, 1988). This
study encompassed 16 glass wool, continuous glass filament, rock (stone) wool and
slag wool plants. A summary of the concentrations of airborne fibres, measured using
PCOM with counting criteria equivalent to those of the NIOSH A rule combined with
TEM, is presented in Table 19. The mean fibre concentrations varied widely from
plant to plant ranging from 0.001 fibre/cm3 in the forming area of plant 10 to 1.56
fibres/cm3 in the manufacturing area of plant 15. Esmen et al. (1978, 1979a) attributed
these differences to the type of MMVF produced as well as to differences in manu-
facturing operations. However, most specifically, the concentrations of airborne fibres
observed correlated closely to the nominal diameter of the fibres manufactured, as
reported previously by Dement (1975).


Estimates of exposure to respirable fibres by plant during the manufacture of glass
fibre (glass wool and continuous glass filament) were recently published by Smith
et al. (2001). These estimates, shown in Table 20, were used in the epidemiological
analysis of cause-specific mortality conducted by Marsh et al. (2001a) (see section 2).


When data from rock (stone) wool and slag wool manufacturing plants were
evaluated separately, concentrations of airborne fibres were found to be slightly higher
than those measured in glass-fibre manufacturing plants (Corn et al., 1976; Esmen et al.,
1978). The average concentrations of airborne fibres varied from 0.01–0.42 fibre/cm3 in
one plant that produced slag wool and from 0.20–1.4 fibre/cm3 in one that produced rock
(stone) wool (see Table 21). Corn et al. (1976) suggested that the higher concentrations
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Table 18. Concentrations of airborne fibres (fibre/cm3) in operations producing
or using ‘small-diameter’ (< 1 µm) glass fibres


Plant


Bulk fibre production Paper manufacture Aircraft insulation
fabrication


Operations


Ca E Fb Gb H Pb


Bulk fibre handling
Mean 1.0 9.7 5.8 21.9 1.2 14.1
Range 0.1–1.7 0.9–33.6 4.7–6.9 8.9–44.1 0.4–3.1 3.2–24.4
Number of samples 5 54 2 3 13 3
Fabrication and finishing
Mean – 5.3 1.9 10.6 0.8 2.1
Range – 0.3–14.3 1.6–2.1 – 0.2–4.4 –
Number of samples – 24 2 1 15 1


From Dement (1975) (personal and stationary samples; analysed by PCOM)
a In addition to producing ‘large-diameter’ wool insulation, plant C had several lines that produced
‘small-diameter’ fibres.
b Only limited surveys were conducted in these facilities.
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Table 19. Concentrations of airborne fibres (fibre/cm3), as determined by optical microscopy, in 16 MMVF plants
in the USA


Forminga Productionb Manufacturingc Maintenanced Quality controle Shippingf OverallPlant no.


Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD


  1 0.002 0.001 0.38 0.32 0.03 0.02 0.02 0.02 0.07 0.10 0.01 0.001 0.01 0.25
  2 0.07 0.03 0.17 0.14 0.12 0.11 0.08 0.05 0.19 0.16 0.07 0.06 0.11 0.12
  3 – – 0.02 0.02 – – 0.07 0.18 – – 0.005 0.01 0.04 0.10
  4 0.01 0.004 0.07 0.12 0.04 0.05 0.03 0.02 0.01 0.01 0.02 0.01 0.04 0.08
  5 0.02 0.01 0.03 0.02 0.03 0.02 0.02 0.01 0.03 – 0.03 0.01 0.02 0.02
  6 0.05 0.10 0.01 0.01 0.009 0.01 0.01 0.03 0.01 0.02 0.005 0.004 0.01 0.03
  7 0.15 0.03 0.24 0.12 0.43 0.32 0.44 0.37 – – 0.15 0.17 0.34 0.30
  8 – – 0.03 0.02 0.04 0.03 0.01 0.01 – – 0.01 0.01 0.02 0.02
  9 0.02 0.02 0.01 0.01 0.02 0.07 0.01 0.006 – – 0.004 0.002 0.02 0.01
10 0.001 0.001 0.003 0.004 0.004 0.004 0.002 0.003 0.003 0.003 0.002 0.002 0.002 0.003
11 0.09 0.11 0.05 0.03 0.04 0.03 0.04 0.04 0.08 0.08 0.03 0.02 0.05 0.05
12 0.01 0.01 0.02 0.03 0.01 0.004 0.01 0.02 0.01 0.003 0.007 0.005 0.01 0.02
13 0.58 – 0.08 0.06 0.11 0.17 0.09 0.08 – – 0.03 0.02 0.10 0.10
14 0.01 0.01 0.04 0.09 0.05 0.05 0.05 0.13 – – 0.03 0.03 0.04 0.03
15 0.19 0.22 0.92 1.02 1.56 3.79 0.11 0.10 0.89 0.33 0.10 0.09 0.78 2.1
16 0.02 0.01 0.02 0.02 0.05 0.03 0.07 0.23 0.04 – 0.02 0.01 0.04 0.12


From Esmen et al. (1979a) (personal samples; 7–8-h sampling times; analysed by PCOM, using the equivalent of NIOSH A rules, combined with
TEM) (Esmen et al., 1978)
a Forming: all hot-end workers, cupola operators, batch mixers, transfer operators and charging operators
b Production: cold-end workers in direct contact with fibres, but not involved in cutting, sawing, sanding or finishing operations
c Manufacturing: workers involved in general manufacturing operations such as trimming, sawing, cutting, finishing, painting finished boards  and
handling boxed and/or packaged goods
d Maintenance: maintenance workers who repair production machinery and do general work in the production area as needed, including sweeping
floors and cleaning dust collectors and machinery
e Quality control: workers who sample products and ascertain product quality
f Shipping (transport of packaged material): fork-lift truck operators and shipping yard operators
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Table 20. Summary statisticsa for measures of exposure to respirable fibres, by plant, total fibre-glass-worker
cohort, 1946–87b,c


Plant All plantsStatistics


1 2 4 5 6 9 10 11 14 15


RFib-AIE (fibres/cm3)
  Median
  Mean
  Coefficient of variationd


0.039
0.053
0.854


0.002
0.003
1.447


0.050
0.055
0.579


0.001
0.001
2.955


  0.167
  0.211
  0.990


0.040
0.048
0.747


  0.036
  0.350
  2.109


  0.096
  0.096
  0.588


0.046
0.049
0.732


0.018
0.034
1.404


0.035
0.073
2.796


RFib-Cum (fibre/cm3–months)
  Median
  Mean
  Coefficient of variationd


2.638
7.116
1.324


0.101
0.211
1.629


2.466
5.041
1.277


0.086
0.129
1.285


  6.382
13.408
  1.346


1.833
4.998
1.534


  1.168
23.483
  2.882


  5.500
10.273
  1.085


1.839
5.032
1.624


0.892
2.788
1.856


1.441
6.080
3.078


a Computed through December 31, 1987, over the entire work history, for exposed workers only
b RFib, respirable fibre; Cum, cumulative exposure; AIE, average intensity of exposure
c Marsh et al. (2001a)
d Coefficient of variation = standard deviation divided by mean
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of airborne fibres seen in these plants were due to the larger percentage of fibres with
diameters < 3 µm compared to that in the glass fibre production operations surveyed.


Jacob et al. (1993) evaluated the concentrations of airborne fibres associated with
several production operations in glass wool manufacturing plants in the USA. As indi-
cated in Table 22, some variation in fibre concentrations was observed between the
different operations, but the overall concentrations measured were low (i.e.
< 0.20 fibre/cm3) and the arithmetic mean concentration ranged from 0.022–
0.29 fibre/cm3 for the 14 manufacturing operations evaluated. Typically half or fewer of
the airborne fibres counted were identified as glass fibres.


The North American Insulation Manufacturers’ Association (NAIMA), an asso-
ciation of producers of glass fibre and rock (stone) and slag wool in the USA, recently
published a large database of airborne fibre concentrations measured during manu-
facturing and installation operations during 1984–2000 (Marchant et al., 2002). The
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Table 21. Concentrations (fibre/cm3) of total airborne
fibres in dust zones of one rock (stone) wool and one slag
wool production plant in the USA


Total fibres (fibre/cm3)Dust zone No. of
samples Average Range


Rock (stone) wool
  Warehouse   3 1.4 1.1–1.7
  Mixing/Fourdriniera ovens   3 0.14 0.13–0.18
  Panel finishing 12 0.40 0.13–1.3
  Fibre forming 10 0.20 0.07–0.65
  Erection and repair 13 0.24 0.04–1.1
  Tile finishing 22 0.31 0.10–0.74
  All samples 63 0.34 0.04–1.7


Slag wool
  Maintenance 15 0.08 0.01–0.24
  Block production   8 0.05 0.02–0.11
  Blanket line   5 0.05 0.02–0.09
  Boiler room   2 0.05 0.04–0.07
  Yard   2 0.09 0.05–0.13
  Ceramic block   7 0.42 0.11–0.95
  Shipping   3 0.04 0.02–0.06
  Main plant 11 0.01 0.006–0.58
  Mould formation 19 0.03 0.005–0.08
  All samples 72 0.10 0.005–0.95


From Corn et al. (1976) (personal samples; 8-h sampling times; analysed
by PCOM, using the equivalent of NIOSH A rules, combined with TEM)
a Fourdrinier, a machine which forms wet board of approximately 50%
fibre
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Table 22. Arithmetic mean concentration of airborne fibres (fibre/cm3) associated
with various manufacturing operations involving glass wool insulation


Total fibresa Total glass
fibresb


Respirable
fibresc


Respirable
glass fibresd


Equipment insulation fabricatione


  Arithmetic mean 0.026 0.009 0.007 0.001
  95% confidence limitsf 0.022–0.031 0.007–0.012 0.004–0.009 0.0004–0.002
  95th percentilef 0.034 0.016 0.010 0.003
  Number of samples 8 8 4 4


Moulding media
  Arithmetic mean 0.028 0.012 0.012 0.008
  95% confidence limits 0.021–0.039 0.007–0.019 0.007–0.018 0.004–0.014
  95th percentile 0.083 0.048 0.042 0.033
  Number of samples 31 31 16 16


Fabrication, press operator, packer
  Arithmetic mean 0.20 0.14 0.087 0.071
  95% confidence limits 0.17–0.23 0.11–0.17 0.072–0.102 0.059–0.083
  95th percentile 0.32 0.24 0.12 0.11
  Number of samples 24 24 12 12


Fabrication, other
  Arithmetic mean 0.038 0.015 0.007 0.002
  95% confidence limits 0.028–0.051 0.011–0.020 0.005–0.009 0.0008–0.004
  95th percentile 0.064 0.031 0.010 0.005
  Number of samples 12 12 6 6


Metal building insulationh


  Arithmetic mean 0.043 0.017 0.017 0.009
  95% confidence limits 0.038–0.049 0.014–0.020 0.014–0.022 0.006–0.012
  95th percentile 0.076 0.032 0.028 0.018
  Number of samples 31 31 16 16


Manufactured housingi


  Arithmetic mean 0.19 0.080 0.032 0.019
  95% confidence limits 0.12–0.31 0.05–0.124 0.014–0.052 0.010–0.028
  95th percentile 0.34 0.18 0.074 0.040
  Number of samples 20 20 8 8


Pipe insulation
  Arithmetic mean 0.20 0.052 0.055 0.020
  95% confidence limits 0.13–0.27 0.030–0.081 0.035–0.072 0.013–0.027
  95th percentile 0.46 0.15 0.091 0.037
  Number of samples 15 15 8 8


Range assembly
  Arithmetic mean 0.058 0.039 0.029 0.023
  95% confidence limits 0.043–0.080 0.027–0.055 0.015–0.044 0.011–0.037
  95th percentile 0.113 0.095 0.071 0.062
  Number of samples 25 25 11 11
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Table 22 (contd)


Total fibresa Total glass
fibresb


Respirable
fibresc


Respirable
glass fibresd


Range assembly, wool unloader only
0.12 0.10  Arithmetic mean


  Values j
0.16
0.18, 0.13


0.078
0.083, 0.072


  Number of samples 2 2 1 1


Duct assembly
  Arithmetic mean 0.038 0.009 0.008 0.005
  95% confidence limits 0.027–0.055 0.007–0.010 0.007–0.009 0.005–0.006
  95th percentile 0.078 0.012 0.009 0.007
  Number of samples 12 12 6 6


Duct board installation
  Arithmetic mean 0.022 0.002 0.006 0.002
  95% confidence limits 0.019–0.026 0.001–0.002 0.004–0.007 0.001–0.003
  95th percentile 0.042 0.006 0.009 0.005
  Number of samples 29 29 15 15


Water heater assembly
  Arithmetic mean 0.047 0.030 0.022 0.018
  95% confidence limits 0.034–0.058 0.022–0.040 0.013–0.034 0.010–0.028
  95th percentile 0.074 0.054 0.044 0.036
  Number of samples 11 11 6 6


Flex duct assembly
  Arithmetic mean 0.073 0.037 0.029 0.022
  95% confidence limits 0.062–0.087 0.029–0.047 0.022–0.035 0.016–0.028
  95th percentile 0.16 0.11 0.063 0.055
  Number of samples 62 62 31 31


Removal of pipe and ceiling insulation
  Arithmetic mean 0.29 0.10 0.13 0.042
  95% confidence limits 0.20–0.41 0.06–0.14 0.10–0.16 0.023–0.059
  95th percentile 0.77 0.25 0.25 0.085
  Number of samples 14 14 14 14


From Jacob et al. (1993) (personal and area samples; task weighted; analysed by NIOSH Method 7400 —
A and B counting rules)
a Total fibres, NIOSH 7400 A rules, both filters and cowls
b Total glass fibres, NIOSH 7400 A rules, both filters and cowls, glass fibres only
c Respirable fibres, NIOSH 7400 B rules, filters and cowls
d Respirable glass fibres, NIOSH 7400 B rules, filters and cowls, glass fibres only
e A roll of light-density glass fibre insulation is fed through a coater that applies a facing and it is rolled up
again.
f 95% confidence limits on the arithmetic mean
g 95th percentile of the data (95% of all measurements were less than this value)
h A roll of light-density glass fibre insulation is unrolled, sometimes cut into a thinner blanket, a coated
facer is applied, and the insulation is rolled up again.
i Prefabricated housing
j When only two samples were measured, the measured values are presented.
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database was established as a component of a voluntary workplace safety programme
(designated the Health and Safety Partnership Program [HSPP]) developed by NAIMA
after discussion with representatives from the US Occupational Safety and Health
Administration (OSHA). These data, presented in Tables 23–26, demonstrate that the
concentrations of airborne fibres measured during the production of glass and slag
and/or rock (stone) wool are generally below 1 fibre/cm3, which is a voluntary
permissible 8-h time-weighted average (TWA) exposure limit, except in those areas
where small-diameter fibres (< 1 µm in diameter) are produced (i.e. manufacture of
aircraft insulation and separator and filtration media). 


The concentrations of fibres measured during the production of refractory ceramic
fibres in the USA were higher than those measured in glass wool and continuous glass
filament plants, but were comparable with those measured in rock (stone) wool and
slag wool production plants (Esmen et al., 1979b). These data are presented in
Table 27. Considerable variation in the concentrations of airborne fibres was noted
between plants and within operations in individual plants. Approximately 90% of the
airborne fibres in the three facilities evaluated were determined to be respirable (i.e.
< 3 µm in diameter), as determined by PCOM and electron microscopy.


Additional monitoring of exposure to fibres was conducted in plants that produced
refractory ceramic fibres in the USA from the late 1970s to the early 1990s (Corn et al.,
1992). However, much of this monitoring was sporadic, conducted by different
consultants or institutions, focused on unit operations or processes of particular interest
and emphasized monitoring of internal facilities rather than plants operated by secondary
users. The estimates of exposure during the production of refractory ceramic fibres and
related operations were discussed in detail by Rice et al. (1996, 1997).


The development of the unified Product Stewardship Program (PSP) by the
industry trade association, the Refractory Ceramic Fiber Coalition (RCFC), in 1990 and
the signing of a voluntary consent agreement with the US Environmental Protection
Agency in 1993, brought greater conformity to methods for fibre sampling, counting
and analysis of refractory ceramic fibres; more data were collected from consumers and
end-users and increased emphasis was placed on random sampling. The data collected
for this programme are presented in Table 28 (Maxim et al., 1994, 1997, 1999a, 2000a).


These data demonstrate that exposure to refractory ceramic fibres varies widely
from one functional job category to another. Most mean time-weighted average (TWA)
concentrations of refractory ceramic fibres recorded during manufacture and
processing operations are currently below the recommended exposure limit set by the
US MMVF industry of 0.5 fibre/cm3; higher mean TWA concentrations were measured
during product finishing and removal operations (Maxim et al., 1997). In addition, the
analysis of industry data on a calendar time-period basis indicates that the average
concentrations of airborne refractory ceramic fibres during manufacture and processing
operations declined from 1.2 fibre/cm3 in 1990 to less than 0.4 fibre/cm3 in 2000
(Maxim et al., 2000a). 
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Table 23. Glass wool manufacture: exposure to glass wool fibres
(fibre/cm3) by product type


Exposure (fibre/cm3)Product type Sample
size


Mean Standard
deviation


Median Range


Air handling products   12 0.03 0.03 0.02 0.01–0.13
Aircraft insulation   67 0.19 0.36 0.06 0.01–2.29
Appliance insulation   28 0.12 0.29 0.03 0.01–1.30
Automotive insulation 102 0.02 0.03 0.01 0.01–0.18
Separator and filtration media 376 0.80 0.84 0.51 0.01–4.63
Blowing wool with binder   71 0.04 0.03 0.03 0.01–0.02
Blowing wool without binder   53 0.11 0.12 0.08 0.01–0.49
High density board   14 0.02 0.02 0.01 0.01–0.09
Pipe insulation 114 0.05 0.10 0.02 0.01–0.70
Insulation batts and blankets 472 0.05 0.09 0.02 0.01–0.97
Othera 339 0.07 0.18 0.02 0.01–2.30


From Marchant et al. (2002) (personal samples; > 90% of the samples in the database were
collected and analysed by NIOSH method 7400 B counting rules; sampling times greater
than 4 h)
a Includes acoustical panels and non–specified industrial and commercial products


Table 24. Glass wool manufacture: exposure to glass wool fibres
(fibre/cm3) by job description


Exposure (fibre/cm3) Job description Sample
size


Mean Standard
deviation


Median Range


Scrap baler/compactor   29 0.05 0.05 0.04 0.01–0.25
Batch/binder mixer   40 0.18 0.33 0.04 0.01–1.30
Cutting/hot press mould 109 0.04 0.12 0.01 0.01–0.88
Forming 289 0.11 0.23 0.02 0.01–2.30
General labourer/maintenance   62 0.11 0.33 0.02 0.01–2.29
Packaging 890 0.34 0.67 0.04 0.01–4.63
Quality control/research   75 0.18 0.23 0.09 0.01–1.20
Sewing/laminating/assembly   91 0.08 0.11 0.03 0.01–0.62
Shipping/receiving   53 0.01 0.01 0.01 0.01–0.06
Othera   10 0.11 0.20 0.05 0.01–0.66


From Marchant et al. (2002) (personal samples; sampling times greater than 4 h; analysed
by NIOSH method 7400 B counting rules)
a Includes administration and blowing wool chopper operator or nodulator
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Table 25. Slag and/or rock (stone) wool manufacture and installation:
exposure to wool fibres (fibre/cm3) by product type


Exposure (fibre/cm3)Product type Sample
size


Mean Standard
deviation


Median Range


Manufacturing
Ceiling panel/tile 412 0.20 0.19 0.15 0.01–1.41
Other manufacturinga   17 0.06 0.04 0.05 0.01–0.15


Installation
Ceiling panel/tile   33 0.23 0.21 0.17 0.02–0.82
Spray-on fire-proofing   15 0.08 0.10 0.05 0.02–0.42
Insulation batt and blanket   12 0.09 0.04 0.08 0.04–0.16
Other installationa   14 0.11 0.11 0.06 0.02–0.4


From Marchant et al. (2002) (personal samples; sampling times greater than 4 h; analysed
by NIOSH method 7400, B counting rules)
a Includes air-handling products, appliance insulation, blowing wool with binder, cavity
loose-fill insulation, pipe insulation and safety blanket and board.


Table 26. Slag and/or rock (stone) wool manufacture and installation:
exposure to wool fibres (fibre/cm3) by job description


Exposure (fibre/cm3)Job description Sample
size


Mean Standard
deviation


Median Range


Manufacturing
Supervisory   17 0.13 0.11 0.10 0.01–0.40
Forming 162 0.24 0.22 0.18 0.01–1.41
Maintenance   79 0.18 0.16 0.14 0.01–0.79
Packaging   62 0.25 0.20 0.23 0.01–1.00
Quality control   20 0.21 0.21 0.16 0.01–0.80
Shipping/receiving   55 0.14 0.14 0.08 0.01–0.57
Other manufacturinga   34 0.09 0.10 0.05 0.01–0.42


Installation
Installers 65 0.16 0.17 0.10 0.02–0.82
Other installationa   9 0.09 0.12 0.05 0.02–0.40


From Marchant et al. (2002) (personal samples; sampling times greater than 4 h; analysed
by NIOSH method 7400 B counting rules)
a Includes assembly, cutting and sawing with power tools, vehicle driver production,
warehousing, feeder and general labourer.
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Table 27. Total concentrations of airborne fibres and concentrations of
respirable fibres in dust zones of three refractory ceramic fibre pro-
duction plants in the USA


Dust zone Total respirable
fibres a


(fibre/cm3)


Total fibresa


(fibre/cm3)
Total fibresb


(fibre/cm3)
Respirable
fractionc


Plant A (total suspended
particulate matter)


2.6 3.3 2.6 0.79


  Finishing 2.1 2.6 1.9 0.82
  CVF 4.2 5.2 4.3 0.80
  Lines 1 and 2 0.94 1.1 0.73 0.83
  Lines 3 and 4 0.08 0.09 0.04 0.89
  OEM 6.9 8.7 7.6 0.79
  Maintenance 0.50 0.64 0.52 0.79
  GFA 0.53 0.80 0.74 0.66
  Shipping 0.27 0.34 0.22 0.78
  Quality control 0.11 0.15 0.11 0.71


Plant B (total suspended
particulate matter)


1.4 1.5 0.63 0.92


  Textile 0.88 1.1 0.62 0.79
  Maintenance 0.95 1.0 0.27 0.96
  Furnace 1.5 1.6 0.60 0.96
  Process 2.4 2.6 1.1 0.95
  Quality control 0.62 0.68 0.33 0.92


Plant C (total suspended
particulate matter)


0.21 0.23 0.05 0.91


  Maintenance 0.12 0.12 0.01 0.98
  Fiberizing 0.22 0.23 0.04 0.96
  Felting 0.20 0.24 0.10 0.82
  Pressing 0.23 0.26 0.08 0.89
  Finishing 0.26 0.28 0.06 0.93
  Fibre cleaning 0.06 0.07 0.01 0.94
  Mixing 0.02 0.03 0.01 0.93
  Shipping 0.04 0.05 0.03 0.84
  Job centre 0.22 0.23 0.04 0.94


From Esmen et al. (1979b)
a As determined by both electron and optical microscopy, including fibres < 5 µm in diameter
b As determined by optical microscopy only
c Total concentration of respirable fibres/total concentration of fibres
CVF, mixing of bulk fibre with colloidal silica and vacuum formed; OEM, trimming of some
products from CVF process with hand saws, drilling and packaging; GFA, cutting by hand of
blankets from line 2 into specific shapes
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Table 28. Concentrations (fibre/cm3) of refractory ceramic fibres during manufacturing, processing and
use in the USA (1993–96)


Fibre concentration (TWA) (fibre/cm3)Functional job category Data set


Sample
size


Minimum Maximum Arithmetic
mean of
sample


Median of
sample


Standard
deviation of
sample


Assembly Internal   207 0.005   2.2 0.30 0.22 0.31
External   211 0.007   1.9 0.28 0.15 0.35
Combined   418 0.005   2.2 0.29 0.19 0.35


Auxiliary Internal   148 0.004   0.81 0.092 0.036 0.14
External   157 0.002   2.7 0.20 0.082 0.39
Combined   305 0.002   2.7 0.15 0.056 0.30


Fibre production Internal   250 0.009   1.9 0.22 0.13 0.28
External None
Combined NA


Finishing Internal   206 0.028   2.7 0.66 0.50 0.48
External   375 0.009 30 0.99 0.40 2.3
Combined   581 0.009 30 0.87 0.46 1.9


Installation Internal None
External   288 0.003   2.5 0.41 0.24 0.47
Combined NA


Mixing and forming Internal   231 0.007   1.4 0.30 0.20 0.28
External   186 0.010   4.1 0.32 0.15 0.52
Combined   417 0.007   4.1 0.31 0.18 0.40


Other (NEC) Internal     96 0.008   0.90 0.11 0.048 0.14
External   244 0.003   6.4 0.24 0.056 0.56
Combined   340 0.003   6.4 0.20 0.054 0.48
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Table 28 (contd)


Fibre concentration (TWA) (fibre/cm3)Functional job category Data set


Sample
size


Minimum Maximum Arithmetic
mean of
sample


Median of
sample


Standard
deviation of
sample


Removal Internal       5 0.66   3.2 1.6 1.20 0.88
External   103 0.027   5.4 1.2 0.90 1.0
Combined   108 0.027   5.4 1.2 0.91 1.0


Combined Internal 1143 0.004   3.2 0.31 0.18 0.37
External 1564 0.002 30 0.52 0.20 1.3
Combined 2707 0.002 30 0.43 0.19 1.0


From Maxim et al. (1997) (‘internal’ samples collected from operations inside a plant manufacturing or processing refractory ceramic
fibres; ‘external’ samples collected from other operations in which refractory ceramic fibres are processed or used)
NA, not applicable; NEC, not elsewhere classified
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(ii) Europe
In the late 1970s, Head and Wagg (1980) studied airborne concentrations of both


total particulate and respirable fibres in 25 manufacturing plants and construction sites
in the United Kingdom. Various types of MMVF were evaluated including insulation
wools (i.e. glass wool and rock (stone) and slag wool), continuous filament glass fibre,
special-purpose fibres: glass microfibres (i.e. fibres with nominal mean diameters
ranging from 0.1–3 µm) and refractory ceramic fibres.


Four plants that produced insulation wools were evaluated; one rock (stone) slag
wool plant and three glass wool fibre manufacturing plants. The mean concentrations of
respirable fibres were in the range 0.12–0.31 fibre/cm3 in the glass wool fibre plants.
A closer examination of these facilities found that the mean concentrations of airborne
fibres were lower (i.e. 0.02–0.26 fibre/cm3) in the basic production areas than in the
areas where the fibres were fabricated into finished products, especially when machining
operations were involved in the fabrication. The fabrication operations using rock
(stone) or slag wool resulted in higher average concentrations of airborne respirable
fibres (mean, 0.89; range, 0.03–10.3 fibres/cm3) (see Table 29) (Head & Wagg, 1980). 


For operations using continuous glass filament, principally the manufacture and
weaving of textile yarns, the mean total fibre concentrations ranged from 0.006–
0.28 fibre/cm3. However, the overall mean concentrations of airborne respirable fibres
were 0.02 fibre/cm3 or below (Head & Wagg, 1980). The fibres in this group cover user
processes only and for convenience have been subdivided into glass microfibres and
high-quality aerospace insulation products. 


In the manufacture of high efficiency filter paper, including filter production, and in
the manufacture of high efficiency fabric type filters, total dust concentrations are
characteristically low, the overall range of means being 0.4–1.4 mg/m3, but with the
potential for high respirable fibre counts, the range of overall mean concentrations being
0.8–3.70 fibres/cm3 and the range of individual values being 0.02–18.83 fibres/cm3. The
maximum fibre count was found at a paper slitting machine (Head & Wagg, 1980).


From 1977–80, scientists from the Institute of Occupational Medicine in Edinburgh,
United Kingdom, measured the concentrations of airborne fibres in 13 European plants,
of which six produced rock (stone) wool (plants 1, 3, 4, 5, 8 and 9), four, glass wool
(plants 2, 6, 7 and 10) and three, continuous glass filaments (plants E, J and N) (i.e.
continuous glass filament or textile glass) (Ottery et al., 1984). The data from this study
were used as the basis for the exposure assessment component of the study by Saracci
et al. (1984a,b; IARC, 1988). The workforce at each factory was classified into occupa-
tional groups on the basis of measured exposure levels and working areas, and some
members of each group were selected at random for personal sampling. A total of 1078
samples were collected for counting of respirable fibres at the rock (stone) wool and
glass wool plants, generally over a 7–8-h period. Upon re-analysis, the concentrations of
respirable fibres originally reported were determined to be too low by a factor of about
two (ranging between 1 and 2.8), and were therefore corrected (Cherrie et al., 1986).
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Table 29. Overall mean concentrations of total airborne dust and respirable fibres in insulation wool
production plants in the United Kingdom (sampling period not stated)


Mean total dust Mean respirable fibresaFibre type Plant no.


No. of
samples


Concentration
(mg/m3)


Range No. of
samples


Concentration
(fibre/cm3)


Range


Glass wool Plant 1 32 11.1 0.7–78.2 50 0.31 0.02–1.10
Glass wool Plant 2 16   4.1 0.5–14.3 35 0.27 0.01–0.79
Glass wool Plant 3 30   8.9 0.4–51.3 67 0.12 0.003–0.85
Rock (stone)/slag wool Plant 4 22   6.5 0.7–16.2 55 0.89 0.03–10.3


From Head & Wagg (1980)
a Respirable fibres are defined as being < 3 µm diameter and > 5 µm long.
Note: Overall mean values include both breathing-zone and static-sample results.
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Tables 30 and 31 present the revised data from the glass wool and rock (stone) wool
plants; only unrevised figures from the study by Ottery et al. (1984) are available for the
three continuous glass filament plants, and these are presented in Table 32.


The range of group arithmetic mean fibre concentrations in the four glass wool
plants was 0.01–1.00 fibre/cm3. The highest concentrations were associated with the
manufacture of special fine-fibre ear plugs. In the main production and secondary
production groups, the concentrations ranged from 0.01–0.16 fibre/cm3 (Cherrie et al.,
1986). In the rock (stone) wool plants, the combined arithmetic means for the occupa-
tional groups were 0.01–0.67 fibre/cm3. The concentrations of respirable glass fibres
measured in the continuous glass filament plants were very low; the occupational
group means ranged from 0.001–0.023 fibre/cm3 (Ottery et al., 1984).


In two glass wool plants in France that were surveyed in the mid-1980s, the mean
concentration of airborne fibres < 3 µm in diameter and > 5 µm in length was 0.05–
0.18 fibre/cm3 in different working zones (Kauffer & Vigneron, 1987).


An experimental simulation of a rock (stone) wool production process with condi-
tions similar to those operating in the 1940s was carried out in a Danish pilot plant to
determine the effect on concentrations of airborne fibres of the addition of oil to the
rock (stone) wools. The addition of oil to the product resulted in a threefold to ninefold
reduction in the concentration of airborne fibres in different situations. The TWA
concentrations of respirable fibres were about 1.5 fibre/cm3 when the product was
treated with oil and 5.0 fibres/cm3 in the absence of oil. No substantial differences in
concentrations of airborne fibres were observed during the manufacture and handling
of batch-produced rock (stone) wool and continuously produced rock (stone) wool
(Cherrie et al., 1987). 


A survey of the occupational environment of 10 rock (stone) wool and glass wool
production plants was conducted by the MMVF industry and the Swedish Work
Environment Fund. The products evaluated included insulation rock (stone) and glass
wools, continuous glass filament and special-purpose products (earplugs (glass wool)
and Inorphil (rock wool)). A pilot study at the factory that produced continuous glass
filaments showed that no airborne respirable glass fibres were present, and this factory
was therefore excluded from further epidemiological investigation. From the remaining
nine factories, 1350 samples were collected. In insulation wool production, the
arithmetic mean exposure to total dust and respirable fibres as assessed by gravimetric
analysis and PCOM, respectively, are presented in Table 33. The mean concentrations
of respirable fibres to which workers were exposed ranged from 0.15–0.27 fibre/cm3


for rock (stone) wool production workers and 0.14–0.23 fibre/cm3 for glass wool
production workers; maintenance and cleaning workers were found to be exposed to
higher concentrations of fibres than process workers. During the production of special-
purpose fibres (Table 34), production workers were exposed to higher concentrations
of respirable fibres (i.e. 1.4 fibre/cm3 for rock (stone) wool and 0.62 fibre/cm3 for glass
wool) than in production of insulation wool (0.15 and 0.14 fibre/cm3, respectively). The
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Table 30. Concentrations of respirable fibres (fibre/cm3)a in combined occupational groups and total concentration of
airborne dust in mg/m3 in four European glass wool plants (1977–80)


Plant 2 Plant 6 Plant 7 Plant 10Combined occu-
pational group


No.b Meanc Range No.b Meanc Range No.b Meanc Range No.b Meanc Range


Respirable fibre concentrations
Preproduction   8 0.01 < 0.01–0.01   5 0.01 0.01     5 0.01 0.01–0.02   5 0.01 < 0.01–0.03
Production 26 0.01 < 0.01–0.03 27 0.03 0.01–0.11   39 0.05 0.01–0.62 61 0.05 < 0.01–0.22
Maintenance   4 0.03 0.01–0.06 12 0.04 < 0.01–0.17   20 0.07 0.01–0.60 27 0.02 < 0.01–0.06
General 10 0.02 0.01–0.04 10 0.02 0.01–0.04   15 0.03 0.01–0.06 12 0.03 < 0.01–0.06
Secondary process 1 32 0.05 0.01–0.21 26 0.03 < 0.01–0.07   37 0.04 0.01–0.11 36 0.02 < 0.01–0.06
Secondary process 2 –   2 0.07 0.05–0.09   23 1.00 0.17–4.02 45 0.16 0.02–1.39
Cleaning –   4 0.01 0.01–0.02   –


Airborne dust concentration
Plant mean and range
(mg/m3)d,e


69 [0.6] 79 [1.3] 124 [1.0] 168 [1.3]


From Cherrie et al. (1986) (personal samples; sampling times 2–7 h; analysed by PCOM)
a Including fibres < 3 µm in diameter
b Number of measurements
c Arithmetic mean, revised in 1986, compared to values of Ottery et al. (1984)
d From Ottery et al. (1984)
e Overall mean [calculated by the Working Group]
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Table 31. Concentrations of respirable fibres (fibre/cm3)a in combined occupational groups and total concentration of airborne dust (mg/m3) in six European rock
(stone) wool plants (1977–80)


Plant 1 Plant 3 Plant 4 Plant 5 Plant 8 Plant 9Combined
occupational
group No.b Meanc Range No.b Meanc Range No.b Meanc Range No.b Meanc Range No.b Meanc Range No.b Meanc Range


Respirable dust concentration
Preproduction     8 0.08 0.01–0.22   3 0.06 0.03–0.11   7 0.03 0.01–0.07   2 0.01 0.01   1 0.04 0.04     4 0.01 < 0.01–0.01
Production   36 0.10 0.02–0.37 28 0.12 0.03–0.32 27 0.06 0.02–0.19 22 0.06 0.02–0.14 19 0.05 0.01–0.13   51 0.05 0.01–0.16
Maintenance     9 0.08 0.05–0.18   8 0.05 0.03–0.10 20 0.05 0.02–0.12 12 0.05 0.01–0.14   9 0.03 0.01–0.07   10 0.04 0.01–0.11
General   16 0.08 0.02–0.37   8 0.07 0.04–0.14 13 0.06 0.02–0.09   7 0.04 0.03–0.07   2 0.04 0.04   23 0.06 0.01–0.36
Secondary
  process 1


  32 0.10 0.03–0.21 11 0.12 0.06–0.23 28 0.08 0.03–0.33 16 0.07 0.01–0.15 24 0.08 0.01–0.20   55 0.06 0.02–0.39


Secondary
  process 2


  11 0.40 0.09–1.40   3 0.34 0.25–0.41 – –   3 0.25 0.19–0.36   22 0.67 0.06–1.37


Cleaning –   4 0.13 0.05–0.29   8 0.06 0.02–0.14   5 0.09 0.04–0.11   8 0.09 0.01–0.18   12 0.14 0.02–0.44


Airborne dust concentration
Plant mean
and range
(mg/m3)d,e


101 [2.4] 56 [1.6] 86 [1.1] 53 [1.0] 60 [1.0] 164 [0.7]


From Cherrie et al. (1986) (personal samples; sampling times 2–7 h; analysed by PCOM)
a Including fibres < 3 µm in diameter
b Number of measurements
c Arithmetic means, revised in 1986, compared to values of Ottery et al. (1984)
d From Ottery et al. (1984)
e Overall mean [calculated by the Working Group]
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Table 32. Concentrations of respirable fibres (fibre/cm3)a in combined occupational groups and total
concentrations of airborne dust (mg/m3) at three European continuous filament glass fibre plants (1977–80)


Plant E Plant J Plant NCombined occupational group


No. Mean Range No. Mean Range No. Mean Range


Respirable fibre concentrations
Preproduction   12 0.004 0.001–0.015   –     6 0.009 0.005–0.017
Production I   54 0.002 0.001–0.012   19 0.001 0.001–0.003   44 0.007 0.001–0.039
Production II   –   32 0.001 0.001–0.003   22 0.023 0.005–0.112
Maintenance   16 0.005 0.001–0.022   –   15 0.014 0.006–0.023
General     2 0.005 –   11 0.001 0.001–0.003     7 0.012 0.008–0.020
Secondary process 1   70 0.002 0.001–0.016   87 0.002 0.001–0.006   27 0.007 0.005–0.017
Secondary process 2   –   –     6 0.022 0.006–0.056
Research and development   10 0.002 0.001–0.003   –


Total airborne dust concentration
Plant mean and range (mg/m3)a 145 [1.5] 132 [0.61] 115 [0.9]


From Ottery et al. (1984)
a Overall mean [calculated by the Working Group]
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main reason for these higher values was the absence of dust-reducing oil and binder in
the special-purpose fibres together with manual handling (Krantz, 1988).


Plato et al. (1995b) used the data from this study as well as additional information
on employee job titles, work tasks and periods of employment to develop a multi-
plicative model to assess past exposure to respirable fibres in rock (stone) wool and slag
wool production workers in Sweden from 1938–90. This model took into account
process changes, as well as the addition of binders and oil, and suggested that the levels
of exposure in the MMVF industry had changed considerably during this period. The
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Table 33. Total concentrations of dust and respirable fibres during
the production of insulation wool


Mean total dust (mg/m3) Mean respirable fibre
concentration (fibre/cm3)


Occupational group


Rock (stone)
wool


Glass wool Rock (stone)
wool


Glass wool


Process workers 0.8 0.7 0.15 0.14
Maintenance workers 1.1 4.4 0.20 0.23
Cleaning workers 2.9 0.2 0.27 0.15


Mean (all groups)a 1.4 1.9 0.20 0.18
Total range 0.1–32 0.1–410 0.01–2.6 0.01–1.8


From Krantz (1988)
a Also includes handling of raw material


Table 34. Total concentrations of dust and respirable fibres during
the production of special-purpose fibres


Total dust (mg/m3) Respirable fibre
concentration (fibre/cm3)


Occupational group


Rock (stone)
wool


Glass wool Rock (stone)
wool


Glass wool


Process workers 2.0 0.6 1.4 0.62
Maintenance workers – 0.4 – 0.20
Cleaning workers – 0.4 – 0.16


Mean (all groups)a 2.0 1.0 1.4 0.47
Total range 0.5–2.0 0.1–1.4 0.45–1.9 0.08–2.4


From Krantz (1988)
a Also includes handling of raw material
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estimated average concentrations of airborne fibres during the 1940s were in the range
0.78–1.32 fibre/cm3 which was between 16 and 26 times higher than the concentrations
of airborne fibres measured in the 1980s.


Plato et al. (1995a) also evaluated exposure to MMVFs at 11 Swedish plants that
manufactured prefabricated wooden houses. All the samples were analysed by PCOM
as well as using a modified fibre-counting method specifically developed for this study.
The alternative counting method was designed to exclude fibres other than MMVFs.
The geometric mean of the concentration of airborne fibres to which insulators were
exposed was 0.10 fibre/cm3 (range, 0.03–0.30 fibre/cm3) using the standard fibre-
counting method, and 0.029 fibre/cm3 (range, 0.013–0.077 fibre/cm3) using the
modified fibre-counting method. The results of the modified fibre-counting method
were validated by SEM. 


The concentrations of airborne fibres were also measured in three plants that
produced rock (stone) wool insulation materials by personal sampling according to
VDI 3492 (Tiesler et al., 1993). The highest fibre concentration measured was
0.44 fibre/cm3 and concentrations higher than 0.1 fibre/cm3 were measured in only nine
samples of a total of 69 (Draeger & Löffler, 1991). The German Ministry of Labour
also published in its regulations for dangerous materials (TRGS 901) a summary of 192
measurements made during the production of glass and rock (stone) wool insulation
materials. The 75th percentile of all these measurements of concentration of airborne
fibres was 0.095 fibre/cm3 and the 90th percentile was 0.25 fibre/cm3. The concen-
trations of airborne fibres measured during insulation work with glass and rock (stone)
wool products (102 samples) were: 75th percentile, 0.11 fibre/cm3; 90th percentile,
0.40 fibre/cm3 (TRGS, 1999).


For operations involving the manufacture and fabrication of refractory ceramic
fibres, the overall mean concentration of airborne respirable fibres in a production plant
was 1.27 fibre/cm3 (range, 0.06–6.14 fibres/cm3). The concentrations of airborne fibres
during the manufacture and handling of refractory ceramic fibres in another plant were
usually lower (mean, 0.44 fibre/cm3; range, 0.09–0.87 fibre/cm3). Airborne refractory
ceramic fibres were also found to yield a proportion of fibres generally with the same
length as glass wool and rock (stone) and slag wool fibres (Head & Wagg, 1980).


The exposure of workers to total dust and airborne fibres during the production and
use of products made from refractory ceramic fibres was evaluated in the United
Kingdom in the mid-1980s. The products studied included blankets, felts, yarns,
papers, vacuum-formed shapes and boards. The data collected were pooled with the
data that had been collected during previous surveys of similar operations by the
United Kingdom Health and Safety Executive to yield comprehensive results. Fibre
concentrations rarely exceeded 1.0 fibre/cm3 (Friar & Phillips, 1989).


In the mid-1980s, the European manufacturers of refractory ceramic fibres and
their products, collectively known as the European Ceramic Fibre Industries
Association (ECFIA), developed a product stewardship programme, designated
Control and Reduce Exposure (CARE), to monitor and control exposure to airborne
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fibres associated with their products. Several hundred TWAs were collected from sites
of manufacture and end-use and the results were reported at both public forums and in
the published literature (Burley et al., 1997; Maxim et al., 1998). The results of this
programme are essentially similar to those obtained at plants making and using
refractory ceramic fibres in the USA (see Table 29). The TWA concentrations of
refractory ceramic fibres varied widely from one functional job category to another,
both within and between plants. The analyses indicated that approximately 50% of
TWA concentrations measured in the workplace are below 0.25 fibre/cm3, 71% are
below 0.5 fibre/cm3, 84% are below 1 fibre/cm3 and 94% are below 2 fibres/cm3


(Maxim et al., 1998).
Exposure to refractory ceramic fibres and AES wools during manufacturing and


oven insulation operations was recently evaluated by Class et al. (2001). Monitoring
was performed and fibre concentrations were determined using the WHO criteria. The
mean concentrations of refractory ceramic fibres ranged from 0.07–0.39 fibre/cm3


during manufacturing operations and the mean concentrations of AES wools ranged
from 0.06–0.39 fibre/cm3 during the same operations. The mean concentration of
refractory ceramic fibres measured during oven insulation was 0.46 fibre/cm3, whereas
for AES wool, the mean concentration of fibres was 0.36 fibre/cm3. From these data,
the authors concluded that there was essentially no difference between the atmospheric
concentrations of fibres produced by refractory ceramic fibres and AES wool during
their production and end-use.


Exposure to airborne refractory ceramic fibres and total dust was also evaluated in
plants producing aluminosilicate fibres in Poland. The mean concentrations of respi-
rable refractory ceramic fibres ranged from 0.14–1.13 fibre/cm3 and the mean concen-
trations of total dust ranged from 0.4–13.6 mg/m3 (Wojtczak, 1994). In one plant that
produced fibre blankets and mats, the mean concentrations of respirable refractory
ceramic fibres ranged from 0.07–0.37 fibre/cm3 while the concentrations of dust ranged
from 0.4–2.9 mg/m3 (Wojtczak et al., 1996). In a plant that manufactured packing cord,
insulating tape and paperboard products, the mean concentrations of respirable refrac-
tory ceramic fibres ranged from 0.05–0.62 fibre/cm3, while the concentrations of dust
were between 0.6 and 23.2 mg/m3 (Wojtczak et al., 1997).


(iii) Other studies
In 1990, the National Occupational Health and Safety Commission (NOHSC) of


Australia specified the National Standard for Synthetic Mineral Fibres and Code of
Practice for the Safe Use of Synthetic Mineral Fibres based on the recommendations of
an expert working group. A survey of Australian plants manufacturing glass wool, rock
(stone) wool and refractory ceramic fibres and user industries was undertaken from
1991–92 to measure the typical levels of exposure to airborne fibres and to monitor
adherence to recommended work practices. A total of 1572 samples of both respirable
fibres and inspirable dust were collected from more than 250 jobs or processes. The
data from this survey are presented in Table 35. Nearly all (i.e. 1225 or 97.7%) of the
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Table 35. Exposure to respirable fibres in the MMVF manufacturing industry in Australia


Count of respirable fibres after introduction of
NOHSC standard (fibre/cm3)


Type of MMVF Job or process Typical fibre
count before
introduction of
NOHSC standard
(fibre/cm3)


Sample
type


No. Range Geometric
mean


Geometric
standard
deviation


Glass wool Furnace operator < 0.02   4 < 0.01–0.08 0.02 2.39
Bulk production line < 00.1–0.2 18 < 0.01–0.10 0.03 1.86
Forming of specific shape – 41 < 0.01–0.10 0.02 1.94
Supervisor < 0.02   6 < 0.03–0.10 0.04 1.63
Packer 0.02–0.2 21 < 0.02–0.20 0.04 2.13
Others –   4 < 0.02–0.10 0.05 2.00
All processes Personal 49 < 0.01–0.20 0.04 1.83


Static 45 < 0.01–0.10 0.02 2.04
Total 94 < 0.01–0.20 0.03 2.06


Rock (stone) wool Furnace operator < 0.1–0.2 Personal   2 0.04–0.10 0.06 1.91
Bulk production line – Personal   5 0.05–0.07 0.06 1.16
Forming of specific shape – Personal 10 < 0.02–0.08 0.04 1.76
Packer 0.03–0.4 Personal   7 < 0.02–0.10 0.03 1.89
Cleaning and maintenance – Personal   6 < 0.02–0.20 0.08 2.17
Supervisor 0.1–0.2 – – – –
All processes Total 30 < 0.02–0.20 0.05 1.90


Refractory ceramic
fibres


Furnace operator –   4 0.04–0.4 0.15 2.88


Bulk production line < 0.05–1.3   4 0.20–0.9 0.42 1.97
Forming of specific shape – 31 0.02–2.0 0.34 3.15
Others –   3 0.09–2.0 0.38 4.78
All processes Personal 27 0.03–2.0 0.38 2.81


Static 15 0.02–2.0 0.25 3.55
Total 42 0.02–2.0 0.32 3.09


From Yeung & Rogers (1996)
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reported fibre counts were below the established exposure standard of 0.5 fibre/cm3


(Yeung & Rogers, 1996).
The levels of exposure to airborne refractory ceramic fibres were measured at two


factories in Japan. In each factory, one manufacturing and one processing workplace
were selected so that a total of four sampling sites were evaluated. Manufacturing site
A produced pipes and tubes from refractory ceramic fibres. The workers at manu-
facturing site B were engaged in the cutting, binding and packaging of fibre blankets.
Stationary and personal samples were collected, and analysed using PCOM. The geo-
metric mean concentrations of airborne fibres were 0.10, 0.27, 0.30 and 0.66 fibre/cm3


for workplace A manufacturing, A processing, B manufacturing and B processing,
respectively. The results obtained from personal samples (range, 0.09–3.69 fibres/cm3)
were generally higher than those from stationary samples (range, 0.06–0.86 fibre/cm3)
(Hori et al., 1993).


(b) Exposure to compounds other than MMVFs in production plants
The assessments of exposure conducted in conjunction with the epidemiological


studies of MMVF workers (discussed more fully in section 2) have revealed a number
of other substances to which workers in the production environment are exposed. The
earlier estimates of these other sources of exposure in production operations were
qualitative due to the limited details in the records available. However, methods for
the quantitative estimation of exposure to various chemical substances and physical
agents present in the workplace, in addition to airborne fibres, have been developed
recently using the process of environmental reconstruction.


For example, in several of the plants included in the study of European MMVF
workers (Saracci et al., 1984a,b; Simonato et al., 1986a,b, 1987; Boffetta et al., 1992,
1997, 1999), asbestos gloves and aprons were worn by a few individuals for personal
protection and as thermal insulation. In four factories, asbestos was used as stitching
yarn and cloth. In at least one plant, olivine sand, potentially contaminated with a
natural mineral fibre with a composition similar to tremolite asbestos, was also used
(Cherrie & Dodgson, 1986).


Exposure to polycyclic aromatic hydrocarbons (PAHs) may have occurred close to
the cupola furnaces in three rock (stone) wool plants and one glass wool plant and in
one plant in which an electric furnace was used. The possibility of exposure to arsenic
from copper slags in one factory was also suggested (Cherrie & Dodgson, 1986). In
addition, in one plant included in this study, located in Germany, exposure to coal-tar,
bitumen, quartz and asbestos was identified, but not quantified (Grimm, 1983; Grimm
et al., 2000). Confirmation that workers in the 1940s were exposed to PAHs, to heavy
metals (i.e. zinc and lead) and to carbon monoxide at a Danish slag wool production
factory has been obtained from a simulation study (Fallentin & Kamstrup, 1993). 


A case–control study of lung cancer nested in the rock (stone) and slag wool
component of the European cohort of MMVF production workers presented analyses
based upon various indicators of exposure to asbestos, PAHs, crystalline silica, welding
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fumes, heavy metals (i.e. arsenic, cadmium, chromium and nickel), formaldehyde,
diesel exhaust, paints and ionizing radiation (Kjaerheim et al., 2002). These analyses
were based on a new method for the subjective assessment of exposure in the 13 plants
included in the study over time (Cherrie & Schneider, 1999). 


The main epidemiological study of MMVF production workers in the USA
(Enterline et al., 1983; Enterline & Marsh, 1984; Enterline et al., 1987; Marsh et al.,
1990, 1996, 2001a,b,c), in addition to reporting concentrations of airborne fibres,
provided estimates of exposure to chemical substances and physical agents, including
several potential carcinogens. Quantitative estimates of exposure to respirable fibres,
asbestos, formaldehyde and silica, together with qualitative estimates of exposure to
arsenic, asphalts, PAHs, phenolics, radiation and urea were presented in the update of a
study on a cohort of 3035 rock (stone) wool and slag wool workers (Marsh et al., 1996).
Quantitative estimates of exposure to respirable fibres, formaldehyde and silica, and
qualitative estimates for arsenic, asbestos, asphalt, epoxy, PAHs, phenolics, styrene and
urea were presented in the update of the US cohort study of 32 110 glass fibre workers
(Marsh et al., 2001a). All the exposure estimates were derived from an extensive recons-
truction of historical exposure in the 15 plants included in the study (Quinn et al., 2001;
Smith et al., 2001). 


Quantitative estimates of exposure to several chemical substances, in addition to
respirable fibres, were also included in two case–control studies of malignant and non-
malignant respiratory disease among employees of the oldest and largest glass fibre
manufacturing plant in the USA (Chiazze et al., 1992, 1993), and in a historical cohort
mortality study of a continuous glass filament plant in the USA (Chiazze et al., 1997;
Watkins et al., 1997). Using a reconstruction of the historical environment of these two
plants, quantitative estimates of cumulative exposure to respirable fibres, asbestos, talc,
formaldehyde, respirable silica, asphalt fumes and total particulate matter were
generated for the glass fibre plant and quantitative estimates of cumulative exposure to
respirable fibres, asbestos, refractory ceramic fibres, respirable silica, formaldehyde,
total particulate matter, arsenic and total chrome (chromium oxides) were developed
for the continuous glass filament plant. These estimates were then incorporated into a
conditional logistic regression analysis of lung cancer and non-malignant respiratory
disease in the workers at the two plants. 


(c) Exposure of workers during the installation and removal of MMVF
insulation products


Occupational exposure to MMVFs outside production facilities occurs when
workers either install materials containing MMVFs or remove (old) MMVFs from their
site of installation. Most of the data that have been collected are for MMVF installation
although higher levels of exposure have been recorded during removal operations
(Jacob et al., 1993; Maxim et al., 1997; Yeung & Rogers, 1996). Moreover, during
removal operations, workers are also exposed to many other airborne particles, both
fibrous and non-fibrous.
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The exposure of insulation workers to airborne MMVFs has been the subject of
investigation for some time. Fowler et al. (1971) surveyed individuals while they were
installing various types of glass fibre insulation in the western USA in the early 1970s
(see Table 36). The concentrations of fibres to which the installers were exposed ranged
from 0.5–8.0 fibres/cm3 with a median of 1.26 fibre/cm3 and a mean of 1.8 fibre/cm3.


The exposure of workers to MMVFs during the installation of several types of
insulation in commercial and residential buildings and at two aircraft installation faci-
lities in the USA was evaluated by Esmen et al. (1982). Detailed data from this survey
are presented in Table 37. The average exposure of workers for all applications, except
the blowing of thermal insulation into attics and operations involved in the fabrication
of aircraft insulation, was reported to be in the range of 0.003–0.13 fibre/cm3. The
reported average concentration of fibres during the blowing operations was 1.8–
4.2 fibres/cm3 with measurements in the different operations in the range of 0.50–
14.8 fibres/cm3 and the mean fibre concentration during fabrication of aircraft insulation
was in the range of 0.05–1.7 fibre/cm3 with individual measurements ranging from
0.01–3.78 fibres/cm3. The fibre concentrations to which installers, with the exception of
blowing wool applications, were exposed were deemed to be similar to the concen-
trations of airborne fibres found in MMVF production operations.


Large surveys of the exposure of installers and end-users of MMVF insulation
products to airborne fibres and total dust were conducted in the United Kingdom and
Scandinavia from the late 1970s until the mid-1980s (Schneider, 1979a; Head & Wagg,
1980; Hallin, 1981; Schneider, 1984). Full-shift samples were not collected during
these surveys (except by Hallin, 1981), but the sampling time was determined to be
representative of the particular product or operation being evaluated. Since the
equipment used to collect dust samples varied from site to site the results for total dust
concentration can only be compared qualitatively between these surveys. The results
from the surveys in Sweden and Denmark are presented in Tables 38 and 39, and those
from the surveys conducted in the United Kingdom in Table 40.


The distribution of results for the concentrations of respirable fibres had geometric
means of 0.22 and 0.14 fibre/cm3 and geometric standard deviations of 3.3 and 3.8 in
the Swedish and Danish surveys, respectively. Very few measurements exceeded
2.0 fibres/cm3. The geometric mean concentration of respirable fibres was 0.046 fibre/
cm3 (standard deviation, 1.8) in open and well-ventilated spaces and 0.50 fibre/cm3


(standard deviation, 3.1) in confined and poorly ventilated spaces (Schneider, 1979a;
Schneider, 1984). In the survey of exposure during installation of insulation in the
United Kingdom, the application of loose fill appeared to generate the highest
concentration of respirable fibres (Head & Wagg, 1980).


From 1980–83, the United Kingdom Factories Inspectorate (1987) surveyed
factories where MMVFs with a nominal diameter of < 3 µm were used. The concen-
trations of total dust and airborne fibres measured are shown in Table 41. 


The arithmetic mean value of fibre concentrations (as defined by WHO) (see
section 1.1.3), determined in nine randomly selected building sites in Europe (where
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Table 36. Concentrations and dimensions of airborne fibres measured
during various operations using glass fibre insulation


Breathing zone samplesOperation Parent material
(range of meana


fibre diameters,
µm)


No.  of
samples


Mean fibre
concentration
(fibres/cm3)


Range of mean
fibre diameters
(µm)


Duct wrapping 4.0–7.5 9 1.2 2.3–6.2
Wall and plenum insulation 7.2–10.2 4 4.0 3.5–8.4
Pipe insulation 5.6–8.5 3 0.7 3.1–4.1
Fan-housing insulation 6.9 1 1.6 3.5


From Fowler et al. (1971) (personal samples; sampling times 20–60 min; analysed by PCOM)
a Not length-weighted


Table 37. Airborne concentrations of respirable fibresa in the final prepa-
ration and installation of MMVF insulation, as determined by a combination
of phase-contrast and electron microscopy


Fibre concentrationProduct and job classification No. of
samples


Average
(fibre/cm3)


Range
(fibre/cm3)


Average
respirable
fractionb


Acoustical ceiling installer 12 0.003 0–0.006 0.55


Duct installation
Pipe covering 31 0.06 0.007–0.38 0.82
Blanket insulation   8 0.05 0.025–0.14 0.71
Wrap around 11 0.06 0.03–0.15 0.77


Attic insulation
Glass fibre
Roofer   6 0.31 0.07–0.93 0.91
Blower 16 1.8 0.67–4.8 0.44
Feeder 18 0.70 0.06–1.48 0.92
Rock (stone)/slag wool
Helper   9 0.53 0.04–2.03 0.71
Blower 23 4.2 0.50–14.8 0.48
Feeder   9 1.4 0.26–4.4 0.74


Building insulation installer 31 0.13 0.013–0.41 0.91
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glass and rock (stone) wool insulation materials were used in different manners) was
reported to be 0.04 fibre/cm3. This mean value was based on 22 stationary samples;
measurements were made using the VDI 3492 method (electron microscopy with
EDXA). The maximum concentration reported was 0.2 fibre/cm3. When personal
sample measurements were analysed, the mean product fibre concentration was
0.07 fibre/cm3 and the maximum value was 0.45 fibre/cm3. The glass and rock (stone)
wool insulation materials were found to contribute about one-third of the total mineral
fibre measured; one-third was attributed to gypsum fibres and the remaining one-third to
other inorganic fibres (Tiesler et al., 1990).


In a survey of the installation of insulation materials at industrial sites in the
European chemical industry (outdoors) and in shipyards (indoors), 22 personal
sampling measurements were made using the VDI 3492 method. The concentrations of
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Table 37 (contd)


Fibre concentrationProduct and job classification No. of
samples


Average
(fibre/cm3)


Range
(fibre/cm3)


Average
respirable
fractionb


Aircraft insulation
Plant A
Sewer 16 0.44 0.11–1.05 0.98
Cutter   8 0.25 0.05–0.58 0.98
Cementer   9 0.30 0.18–0.58 0.94
Others   7 0.24 0.03–0.31 0.99
Plant B
Sewer   8 0.18 0.05–0.26 0.96
Cutter   4 1.7 0.18–3.78 0.99
Cementer   1 0.12 – 0.93
Others   3 0.05 0.012–0.076 0.94


Glass fibre duct
Duct fabricator   4 0.02 0.006–0.05 0.66
Sheet–metal worker   8 0.02 0.005–0.05 0.65
Duct installer   5 0.01 0.006–0.20 0.87


From Esmen et al. (1982) (average concentration of fibres/cm3 is equal to concentrations derived
from both PCOM and electron microscopy; total fibre concentration was not included in the table
for calculation of the average respirable fraction (respirable/total); results cannot be directly
compared to results obtained by PCOM only; when counting and sizing by electron microscopy,
only fibres of diameter ≤ 1 µm were treated.
a < 3 µm in diameter
b Arithmetic mean of respirable fibre concentration/total fibre concentration
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WHO product fibres were between 0.003 and 0.29 fibre/cm3, and the arithmetic mean
was 0.10 fibre/cm3. The concentrations of WHO product fibres during disassembly
work at the same sites were also analysed. The mean value of 12 personal sample
measurements was 0.32 fibre/cm3 (range, 0.05–0.77 fibre/cm3) (Julier et al., 1993). 


Insulation materials made of rock (stone) and glass wool are regularly removed and
replaced in European power plants. The concentrations of inorganic fibres, excluding
asbestos and gypsum, during these procedures (calculated from personal measurements)
were reported to range between 0.21 and 0.99 fibre/cm3 (Böckler et al., 1995).
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Table 38. Concentrations of total dust and respirable fibresa


during installation of insulation in Sweden (1979–80)


Total dust (mg/m3) Respirable fibres
(fibre/cm3)


Operation


Meanb Range Meanb Range


Attic insulation, existing buildings 11.6 1.7–21.7 1.11 0.1–1.9
Insulation of new buildings   2.63 0.5–11.1 0.57 0.07–1.8
Technical insulation   3.14 0.4–25 0.37 < 0.01–1.39
Acoustical insulation   1.8 1.7–1.9 0.15 0.11–0.18
Spraying 13.5 1.3–43.7 0.51 0.13–1.1
Hanging of fabric   4.18 3.6–5.2 0.60 0.30–0.76


From Hallin (1981)
a < 3 µm in diameter
b Calculated by the previous IARC Working Group (IARC, 1988)


Table 39. Concentrations of total dust and respirable fibresa during
installation of insulation in Denmark


Operation Total dust (mg/m3) Respirable fibres
(fibre/cm3)


Mean Range Mean Range


Attic insulation, existing buildings 26.8 1.5–134 0.89 0.04–3.5
Insulation of new buildings 12.6 0.22–44 0.10 0.04–0.17
Technical insulation   7.1 1.8–12.8 0.35 0.03–1.6
Application in industrial products   0.88 0.83–0.91 0.05 0.01–0.11
Hot–house substrate   3.00 0.61–3.9 0.06 0.03–0.09


From Schneider (1984)
a ≤ 3 µm in diameter
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Table 40. Concentrations of total dust and respirable fibresa in breathing zone and static samples taken
during installation of insulation and application of MMVFs in the United Kingdom


Total dust (mg/m3) Respirable fibres
(fibre/cm3)


Product, use or process


No. of
samples


Mean Range No. of samples Mean Range


Construction insulation (glass fibre)
  Blankets   9 35.5 8.2–90 12 0.75 0.24–1.76
  Loose fill   4 30.9 5.0–59.7   6 8.19 0.54–20.9
Fire protection (mineral wool)   9 17.2 1.9–51.5 22 0.77 0.16–2.57
Industrial product insulation (one plant)   4   0.8 0.6–1.0 12 0.10 0.02–0.36
Manufacture and use of high–temperature insulation
  and mouldings (refractory ceramic fibres)


  6   1.7 0.7–5.2 11 0.48 0.09–0.87


Manufacture of stack block insulation and engine
  silencer insulation (refractory ceramic fibres)


11   9.8 1.5–22.9 30 2.2 0.35–5.64


From Head &Wagg (1980) (personal and area samples; sampling times at least 4 h; analysed by PCOM)
a ≤ 3 µm in diameter
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In an effort to characterize better the concentrations of airborne fibres associated
with the installation of glass fibre insulation in homes, and to determine the proportion
of airborne fibres that were glass fibres, a survey of batt and loose fill insulation in the
USA was undertaken in the early 1990s (Jacob et al., 1992). The results of this survey
are presented in Tables 42 and 43. The arithmetic mean concentration of total airborne
fibres present during the installation of batt insulation was 0.22 fibre/cm3.
Approximately 60% of this total was glass fibres and approximately 30% of these glass
fibres were respirable (< 3 µm in diameter). During the application of blowing wool,
the total concentrations of airborne fibres were higher, with arithmetic means of 1.0 and
2.1 fibres/cm3, depending upon the product type. The mean concentrations of
glass fibres were 0.7 and 1.7 fibre/cm3 and those of respirable glass fibres were 0.3 and
0.8 fibre/cm3, respectively in batt and loose fill installation. Approximately 70–80% of
the total airborne fibres measured were glass fibres.


A survey of MMVF insulation products was also conducted at several industrial
construction sites where workers were installing or removing insulation in Montreal,
Quebec, Canada in the early 1990s. The samples were analysed using both PCOM and
TEM and the results are presented in Table 44 (Perrault et al., 1992). 


In the largest survey of the exposure of end-users to airborne MMVF fibres (Lees
et al., 1993; Breysse et al., 2001), nearly 1200 samples were collected during the fabri-
cation and installation of MMVF products for residential, commercial and industrial use.
The samples were analysed using PCOM or SEM, and the results of the PCOM are
presented in Tables 45 and 46. The results indicated that during installation of MMVF
insulation in homes, the geometric mean concentrations of airborne fibres were less than
1.0 fibre/cm3 for all exposure groups, except for installers and feeders of glass fibre
loose-fill insulation without binder (7.7 fibres/cm3 for installers and 1.7 fibre/cm3 for
feeders), and for installers of loose rock (stone) and slag wool (1.9 fibre/cm3) (Lees
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Table 41. Concentrations of total dust and respirable fibresa


during the manufacture and use of special-purpose fibres and
refractory ceramic fibres


Process Mean concentration
of total dust (mg/m3)


Total
fibres/cm3


(mean counts)b


Manufacture of glass fibre paper 0.47–2.28 2.9–1.3
Conversion of glass fibre paper 0.17–0.49 0.53–15.1
Manufacture of refractory ceramic fibres 0.83–4.0 0.49–9.2
Use of refractory ceramic fibres – 2.7–17.1


From United Kingdom Factories Inspectorate (1987)
a < 3 µm in diameter
b Determined by TEM
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et al., 1993). The geometric mean concentrations of airborne fibres during the
fabrication and installation of commercial and industrial MMVF insulation products
were all found to be less than 1.0 fibre/cm3 (Breysse et al., 2001).


Koenig and Axten (1995) reviewed the concentrations of airborne fibres associated
with the installation of rock (stone) and slag wool ceiling tiles and various other
commercial and industrial insulation products manufactured from rock (stone) and slag
wool in the USA. The arithmetic mean concentration of airborne fibres measured
during the installation of wet-felted and moulded acoustical ceiling tiles was
0.26 fibre/cm3 with a range of 8-h TWA exposure from 0.02–0.82 fibre/cm3. The
concentrations of airborne fibres measured for certain other rock (stone) and slag wool
products are presented in Table 47. The overall mean exposure during installation
operations involving these products was 0.09 fibre/cm3 and all the 8-h TWAs measured
were well below 0.5 fibre/cm3.
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Table 42. Arithmetic mean concentration of airborne fibres (fibre/cm3) asso-
ciated with installation of batt insulation


Sampling location Total fibresa Total glass
fibresb


Respirable
fibresc


Respirable glass
fibresd


Before installation
  Arithmetic mean 0.008 0.001 0.002 0.00005
  95% confidence limitse


  95th percentilef
0.006–0.012
0.026


0.001–0.002
0.003


0.001–0.003
0.006


0.00001–0.00011
0.0003


  Number of samples 26 26 15 15


Installers
  Arithmetic mean 0.22 0.13 0.059 0.042
  95% confidence limits 0.18–0.27 0.099–0.16 0.049–0.073 0.032–0.052
  95th percentile 0.56 0.34 0.14 0.11
  Number of samples 60 60 32 32


After installation
  Arithmetic mean 0.012 0.004 0.001 0.0002
  95% confidence limits 0.005–0.028 0.001–0.010 0.001–0.002 0.0001–0.0004
  95th percentile 0.021 0.006 0.003 0.0009
  Number of samples 26 26 15 15


From Jacob et al.  (1992)
a Total fibres, NIOSH 7400 A rules, both filters and cowls
b Total glass fibres, NIOSH 7400 A rules, both filters and cowls, glass fibres only
c Respirable fibres, NIOSH 7400 B rules, both filters and cowls
d Respirable glass fibres, NIOSH 7400 B rules, both filters and cowls, glass fibres only
e 95% confidence intervals of the arithmetic mean
f 95th percentile of the data (95% of all measurements were less than this value)
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Table 43. Arithmetic mean concentration of airborne fibres (fibre/cm3)
associated with installation of cubed and milled blowing-wool insulation


Sampling location Totala Total glass
fibresb


Respirable
fibresc


Respirable glass
fibresd


Before installation
  Arithmetic mean 0.004 0.0008 0.001 0.0001
  95% confidence limitse


  95th percentilef


  Number of samples


0.003–0.005
0.008
38


0.007–0.001
0.002
38


0.001–0.002
0.002
24


0.00005–0.0002
0.0004
24


Loader, cubed
  Arithmetic mean 0.38 0.20 0.12 0.084
  95% confidence limits 0.33–0.42 0.17–0.23 0.10–0.15 0.06–0.10
  95th percentile 0.80 0.50 0.30 0.24
  Number of samples 99 99 49 49


Loader, milled
  Arithmetic mean 0.54 0.37 0.22 0.18
  95% confidence limits 0.42–0.69 0.26–0.50 0.16–0.31 0.11–0.26
  95th percentile
  Number of samples


1.25
31


0.99
31


0.45
16


0.42
16


Installer, cubed
  Arithmetic mean 1.03 0.68 0.37 0.30
  95% confidence limits 0.93–1.13 0.60–0.76 0.31–0.44 0.24–0.35
  95th percentile
  Number of samples


1.95
100


1.66
100


0.79
52


0.71
52


Installer, milled
  Arithmetic mean 2.1 1.7 0.91 0.82
  95% confidence limits 1.5–2.7 1.2–2.5 0.58–1.3 0.53–1.3
  95th percentile 6.0 5.2 2.8 2.7
  Number of samples 31 31 15 15


After installation
  Arithmetic mean 0.004 0.001 0.001 0.0001
  95% confidence limits 0.003–0.004 0.001–0.002 0.0007–0.002 0.00005–0.0002
  95th percentile 0.008 0.003 0.002 0.0003
  Number of samples 62 62 38 38


From Jacob et al. (1992)
a Total fibres, NIOSH 7400 A rules, both filters and cowls
b Total glass fibres, NIOSH 7400 A rules, both filters and cowls, glass fibres only
c Respirable fibres, NIOSH 7400 B rules, both filters and cowls
d Respirable glass fibres, NIOSH 7400 B rules, both filters and cowls, glass fibres only
e 95% confidence intervals of the arithmetic mean
f 95th percentile of the data (95% of all measurements were less than this value)
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Additional information on exposure during the installation of rock (stone) and slag
wool products (see Table 26) is included in the aforementioned NAIMA database
(Marchant et al., 2002). These results essentially substantiate those of Koenig and
Axten (1995). Further data on the concentrations of airborne fibres associated with the
installation of glass wool products as presented in Tables 48 and 49 (Marchant et al.,
2002) are consistent with the results obtained by Lees et al. (1993).


Data on the concentrations of airborne fibres measured in the USA during the
installation and removal of refractory ceramic fibre products have been given in
Table 29 (Maxim et al., 1997, 2000a). The overall arithmetic mean of TWA values
measured from 1993–96 was 0.41 fibre/cm3. The average concentrations of airborne
refractory ceramic fibres in the workplace were higher for insulation removers. The
arithmetic mean actual TWA over the period 1993–96 was 1.2 fibre/cm3 (Maxim et al.,
2000a). [The Working Group noted that the composition of refractory ceramic fibre at
removal may be different from its composition at assembly.]


Finally, the survey of plants manufacturing glass wool, rock (stone) wool and
refractory ceramic fibre and of user industries in Australia which was discussed
previously, produced considerable data on exposure to airborne fibres from MMVF
products during their installation and removal (Yeung & Rogers, 1996). These data,
summarized in Table 50, indicate that, as was the case for manufacturing operations,
the geometric mean exposure of individuals installing and/or removing these insulation
products was below the established exposure standard of 0.5 fibre/cm3 (Yeung &
Rogers, 1996).
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Table 44. Concentrations of respirable fibres on
construction sites as measured by phase-contrast
optical microscopy


Sites No. of
samples


Geometric mean
(fibre/cm3)


Glass wool 17 0.01
Rock (stone) wool (blown) 10 0.32
Rock (stone) wool (sprayed on) 16 0.15
Refractory ceramic fibres
Site A (patching furnace insulation) 40 0.64
Site B (installing insulation panels) 41 0.39
Site C (installing refractory bricks) 46 3.51


From Perrault et al. (1992)
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Table 45. Summary of 8-h TWA estimates of exposure to fibres during insulation of dwellings by
product/occupational category as measured by phase-contrast optical microscopy


Fibre concentration (fibre/cm3)aMMVF product Occupation No. of
TWAs


Mean Standard
deviation


Geometric
mean


Geometric
standard
deviation


Fibre glass batts Installer 19 0.06 0.05 0.05 2.41
Rock (stone) and slag wool batts Installer   6 0.11 0.04 0.10 1.45


Installer   8 0.15 0.13 0.09 3.82Fibrous glass loose-fill insulation with binder
Feeder   7 0.05 0.04 0.03 3.06
Installer   4 1.96 1.23 1.52 2.56Fibrous glass loose-fill insulation without binder
Feeder   1 0.85 – – –


Rock (stone) and slag wool, loose Installer   5 0.97 1.06 0.52 3.76
Feeder   4 0.18 0.15 0.14 2.20


From Lees et al. (1993)
a Respirable fibres (≤ 3 µm in diameter) only
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Table 46. Summary of task length average exposure estimates by product/occupation as measured by phase-
contrast optical microscopy


Fibre concentration (fibre/cm3)aMMVF product Occupation No. of
TLAsb


Mean Standard
deviation


Geometric
mean


Geometric
standard
deviation


Glass fibre duct board Fabricator 14 0.05 0.10 0.03 2.30
Installer   4 0.03 0.01 0.03 1.40


Glass fibre duct liner Fabricator 26 0.04 0.06 0.03 2.31
Installer   5 0.32 0.06 0.32 1.17


Glass fibre duct wrap Installer   4 0.68 0.97 0.35 3.33
Glass fibre pipe and vessel insulation Installer 23 0.04 0.04 0.03 2.54
Rock (stone) and slag wool ceiling tiles Installer 14 0.24 0.12 0.22 1.64
Glass fibre batts (prefabricated homes) Installer   3 0.19 0.06 0.19 1.33
Rock (stone) and slag wool, loose fill (prefabricated homes) Installer   5 0.13 0.06 0.11 1.71
Rock (stone) and slag wool building safing Installer   5 0.16 0.12 0.12 2.21
General glass fibre products Fabricator 22 0.16 0.12 0.11 2.84


From Breysse et al. (2001)
a Respirable fibres (< 3 µm in diameter) only
b TLA, task-length average. The geometric mean TLAs for each product/occupational group are generally slightly lower than the arithmetic mean
concentrations.
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Table 47. Exposure to respirable fibres associated with installation of insulation products manufactured
from rock (stone) and slag wool


 Fibre concentrations (fibre/cm3)Product installed Area typea Tasks performed


No. of
samples


8-h TWA Range


Attic insulation 1 Confined Blower 5 0.07 0.04–0.62
Open Helper 3 0.03 0.05–0.13
Confined Blower 4 0.19 0.02–0.30


Attic insulation 2 Open Helper 4 0.05 0.02–0.09
Sound attenuation blanket Moder. open Cutting/place 9 0.16 0.11–0.24
Insulation fabrication shop Open Cutting/assembling/packing 5 0.07 0.03–0.11


Cutting/assembling/packing 4 0.07 0.03–0.19
Cutting/assembling/packing 4 0.05 0.03–0.07
Cutting/assembling/packing 4 0.04 0.03–0.07
Assembling/packing 4 0.06 0.02–0.03


Open Cutting/installation/cover 1 0.02 0.02Installation of outdoor pipe-covering
Cutting/installation/cover 2 0.05 0.04–0.05
Cutting/installation/cover 1 0.05 0.05


Spray-on fire proofing Open Nozzle man 8 0.13 0.03–0.29
Labourer 2 0.02 0.07–0.14
Pump operator 2 0.01 0.02


Spray-on fire proofing Open Nozzle man 8 0.42 0.03–1.10
Labourer 6 0.09 0.03–0.29
Labourer 4 0.04 0.01–0.05
Pump operator 3 0.03 0.01–0.07


From Koenig & Axten (1995)
a Confined, confined area such as an attic; moder. open, moderately open areas such as within a factory with no high bay; open,
outdoors or in a very large enclosed area
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(d ) Exposure in residential, commercial and public buildings
The exposure of the occupants of a building to airborne MMVFs may occur during


installation, maintenance, or removal operations, as a result of physical damage or
degradation of insulation or as fibres are released over time. Several studies, using a
variety of sampling and analytical techniques, have evaluated and reported on the
nature and magnitude of such exposure.


In the late 1960s, concern was expressed over health problems associated with the
possible erosion of glass fibre used to line ventilation and heating ducts. Cholak &
Schafer (1971) tested six different ventilation-system ducts and found some glass fibres
in settled dust, but no evidence of erosion of the fibres. Thirteen air-transmission systems
lined with glass fibre were studied to determine their contributions of glass fibres to the
air. The average concentrations of glass fibres in ambient air in the air leaving air-supply
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Table 48. Exposure to glass wool fibres by job description


Exposure (fibre/cm3)Job description Sample
size


Mean Standard
deviation


Median Range


Assembly   34 0.04 0.06 0.02 0.01–0.35
Feeder
Installer
Othera


  63
232
    9


0.36
0.45
0.16


0.37
0.85
0.14


0.20
0.18
0.07


0.01–2.18
0.01–7.49
0.03–0.37


From Marchant et al. (2002) (personal samples; sampling times greater than
4 h; analysed by NIOSH 7400 method with B counting rules)
a Includes cutting or sawing with power tools and maintenance


Table 49. Exposure during installation of glass wool by product type and
job description


Exposure (fibre/cm3)Product type Job
description


Sample
size


Mean Standard
deviation


Median Range


Feeder   6 0.09 0.06 0.06 0.04–0.19Blowing wool
  with binder Installer 13 0.39 0.32 0.28 0.09–1.13


Feeder 49 0.44 0.39 0.35 0.01–2.18Blowing wool
  without binder Installer 84 0.99 1.21 0.62 0.04–7.49


From Marchant et al. (2002) (personal samples; sampling times greater than 4 h; analysed by
NIOSH 7400 method using B counting rules)
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Table 50. Exposure to MMVFs during installation and removal


Post-NOHSC standard respirable fibre count
(fibre/cm3)


Type of
MMVF


Process Pre-NOHSC standard
Typical fibre count
(fibre/cm3), location/job


Type of
sample


No. Range Geometric
mean


Geometric
standard deviation


Personal   23 < 0.01–0.80 0.12 2.23
Static   29 < 0.01–0.40 0.03 2.74


Glass fibre Installation of bonded
products


0.1–0.3 ceiling space
< 0.1–3.5 ceiling space,
short-term sample
< 0.01–0.1 plant room


Total   52 < 0.01–0.80 0.06 3.14


Removal of glass fibre
products


– Personal
Static
Total


  21
  12
  33


< 0.01–0.20
< 0.01–0.03
< 0.01–0.20


0.04
0.02
0.03


2.20
1.67
2.18


Personal   42 < 0.01–1.50 0.03 2.71
Static 303 < 0.01–1.0 0.02 1.87


Installation of bonded
products


0.1–0.4 ceiling space
0.01–0.1 lagging of boilers


Total 345 < 0.01–1.50 0.02 2.07
– Personal     1 0.5 – –


Static   17 < 0.01–0.05 0.01 1.73


Rock
(stone)
wool


Removal of rock (stone)
wool products


Total   18 < 0.01–0.50 0.04 2.76


Installation of bonded
productsa


Personal   21 < 0.01–1.5 0.04 2.48


Personal   28 < 0.01–1.4 0.04 7.12Application of unbonded
materials Static   99 < 0.01–0.4 0.02 2.60


Total 127 < 0.01–1.4 0.02 3.63


0.7 firewall
0.03–0.2 fire damper
0.02–1.8 delagging in
furnace
0.07–1.5 lagging in furnace
0.01–1.4 lagging of boilers


Refractory
ceramic
fibre


– Personal   13 < 0.01–0.3 0.05 2.99
Static   62 < 0.01–0.1 0.02 1.86


Removal of refractory
ceramic fibres


Total   75 < 0.01–0.3 0.02 2.21


From Yeung & Rogers (1996)
a Mixed fibres (rock (stone) wool and refractory ceramic fibre)
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systems, and in building areas were extremely low (below 0.005 fibre/cm3). In some
cases, there was a decrease in the fibre concentration after fibre-containing outdoor air
had passed through the air-transmission system (Balzer et al., 1971). 


Five studies were conducted in Europe using PCOM combined with PLM as a
primary analytical device, and selected buildings that had acoustical ceiling tiles made
of MMVF or sprayed-on MMVF ceilings. Rindel et al. (1987) reported that in a study
in 24 kindergartens in Denmark, all had concentrations of respirable fibres of MMVF
below 0.001 fibre/cm3, but the sampling time was only 1 h. Skov et al. (1987) measured
the fibre concentrations in 14 Danish town halls and found airborne MMVFs in only
one building. Gaudichet et al. (1989) studied 79 buildings containing various MMVF
products and found concentrations of respirable MMVFs ranging from none detected
to 0.006 fibre/cm3. 


Nielsen (1987) and Schneider et al. (1990) reported on measurements made in 105
rooms containing acoustical ceiling tiles. The average concentrations of airborne
respirable MMVFs were less than 0.0001 fibre/cm3 and ranged from none detected to
0.002 fibre/cm3. 


Schneider (1986) reported on measurements made in 16 schools and one office
building in Greater Copenhagen where the concentrations of airborne respirable
MMVFs ranged from non-detectable to 0.08 fibre/cm3. 


Two studies used PCOM to measure the concentrations of airborne fibres before,
during and after the installation of MMVF products in homes. In the study of Van der
Wal et al. (1987) that made measurements in eight homes, the average concentration of
fibres just before the installation of insulation began was 0.012 (range 0.001–0.03)
fibre/cm3. During installation, the average peak fibre concentration was 0.03 (range,
0.01–0.65) fibre/cm3. When measurements were repeated the next day at the same
locations, the average concentration had decreased to 0.004 (range, 0.001–0.01)
fibre/cm3. Jacob et al. (1992) reported that the mean concentrations of respirable glass
fibres measured in 74 homes before and after the installation of batt or blowing wool
insulation were 0.0002 fibre/cm3 or less, while during the installation the mean concen-
trations of respirable glass fibre were 0.04 fibre/cm3 during batt installation and
0.30–0.82 fibre/cm3 during installation of blowing wool insulation. The authors
reported that on the night following the completion of the insulation work, the
concentration of airborne fibres had dropped to that measured before the insulation
work began. 


Jaffrey et al. (1990) reported the concentrations of airborne MMVF in 11
dwellings in the United Kingdom during and after the disturbance of loft insulation.
Approximately 250 samples were collected and analysed by TEM–EDXA and a few
additional samples were analysed by PCOM. The TWA concentrations measured over
a 4-h period during the physical disturbance of the insulation in the lofts ranged up to
0.03 fibre/cm3. The personal measurements of exposure to MMVF during this period
were up to 0.2 fibre/cm3. However, no contamination of the living space was detected
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although the access doors to the lofts remained open throughout the disturbance and
sampling period. 


Tiesler and Draeger (1993) and Tiesler et al. (1993) reported more than 130
measurements of indoor concentrations of airborne fibres made in various buildings.
Most samples were collected in offices, but some schools, private houses and
laboratories were also sampled. The buildings selected contained visible and uncoated
glass and rock (stone) slag wool products which represented worst-case conditions.
The authors concluded that the total indoor concentrations of respirable inorganic fibres
generally averaged 0.0046 fibre/cm3, ranging from none detected to 0.038 fibre/cm3.
The fibres of MMVF products comprised 12.5% of the mean total respirable inorganic
mineral fibres detected, averaging 0.0006 fibre/cm3 and ranging from none detected to
0.0057 fibre/cm3. Thirty-nine simultaneously collected outdoor samples were reported.
The concentration of inorganic nonasbestos respirable fibre outdoors averaged
0.00499 fibre/cm3. The authors concluded that concentrations of fibres indoors and
outdoors were generally of the same order of magnitude. 


Fischer (1993) reported the concentrations of airborne respirable fibres measured in
seven offices, one school and one dwelling, and in a group of six buildings (a shop,
offices, school, kindergartens) in which the users had complained about possible
exposure to fibre dust from ceiling boards. To ensure a conservative estimate, the ceiling
boards in the buildings selected were in direct contact with indoor air. The concen-
trations of respirable inorganic fibres averaged 0.0018 fibre/cm3; the concentration of
MMVF products was 0.0003 fibre/cm3 or 17% of the respirable inorganic fibres. The
concentration of respirable MMVFs outdoors was of the same order of magnitude.


Dodgson et al. (1987b) measured the concentrations of airborne fibres in 10 homes
using PCOM and SEM before, 24 h after and 7 days after the installation or disturbance
of MMVF insulation in their lofts. The mean concentrations of MMVF measured 24 h
after the installation of insulation in new homes was not different from the concen-
trations measured before work began; the fibre concentrations determined by SEM
ranged from 0.0001–0.0003 fibre/cm3.


Carter et al. (1999) reported the concentrations of airborne MMVFs measured in 51
residential and commercial buildings throughout the USA. All samples were analysed
by PCOM and 50 randomly selected samples were analysed by SEM–EDXA. The mean
concentration of all respirable fibres counted using PCOM was 0.008 fibre/cm3. Ninety-
seven per cent of the respirable fibres identified by SEM–EDXA were determined to be
organic in nature. The concentrations of inorganic fibres determined by SEM–EDXA,
which included MMVFs, were found to be less than 0.0001 fibre/cm3. 


1.4.2 Environmental occurrence


Man-made vitreous fibres may be released into the environment during their
production, installation, erosion, removal and/or disposal. However, few studies have
attempted to quantify the concentration of MMVFs present in ambient air, and those that
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have been conducted have often failed to distinguish between MMVFs and mineral
fibres or ‘other inorganic fibres’ or to attempt to define fibre size or chemical compo-
sition. Despite these limitations, several studies (described below) have indicated the
concentrations of MMVFs which may be present in the general environment.


Spurny and Stöber (1981) identified inorganic fibres in air samples from an urban
non-industrial area and in clean rural air in the former Federal Republic of Germany. The
total concentrations of fibres ranged from 0.004–0.015 fibre/cm3. Friedrichs et al. (1983)
also published data on the number of fibres present in the ambient air in samples
collected in the former Federal Republic of Germany during 1982. The concentrations
of glass fibre ranged from 0.00036–0.00249 fibre/cm3 and were higher on week days
than at the weekend. 


Lanting and Den Boeft (1983) reported a uniform background concentration of
non-asbestiform inorganic fibres of 104 fibres/m3 (i.e. 0.01 fibre/cm3) at all their rural
and urban sampling sites in the Netherlands. 


Iburg et al. (1987) updated earlier studies of concentrations of fibres in the ambient
air measured in the former Federal Republic of Germany. The concentrations were
reported to range from 0.0008–0.0020 fibre/cm3 at urban crossroads. Noack and
Böckler-Klusemann (1993) published similar findings. They reported concentrations of
inorganic fibres > 5 µm length excluding asbestos and gypsum at urban locations in
Germany to be 0.00070–0.00325 fibre/cm3 and Goldmann and Kruger (1989) reported
concentrations of 0.00496–0.00589 fibre/cm3 in urban non-occupational situations.
Rödelsperger et al. (1989) also published data indicating that the average concentrations
of airborne inorganic fibres ≥ 5 µm in length excluding asbestos and gypsum in ambient
air exceeded 0.001 fibre/cm3 in urban and rural areas of Germany, while Schnittger
(1993) reported that concentrations of airborne inorganic nonasbestos fibres with
diameters below 3 µm in ambient air were of the order of 0.0022 fibre/cm3 in an urban
area of Germany. 


Three studies have reported on the concentrations of glass fibres measured in out-
door air in France (Gaudichet et al., 1989), Germany (Höhr, 1985) and the USA
(Balzer, 1976). In these studies, the concentrations of glass fibres ranged from
2 × 10–6 fibres/cm3 in a rural area to 0.0017 fibre/cm3 near a city. These concentrations
were considered to represent a very small percentage of the total fibre and total
suspended particulate matter in ambient air. 


Most recently, a study of the exposure of individuals to respirable inorganic and
organic fibres during everyday activities was conducted (Schneider et al., 1996). Four
groups (suburban schoolchildren, rural retired persons, office workers and taxi drivers)
containing five persons each were monitored to assess their exposure to fibres for 24 h
four times over a 1-year period. The fibres were sized by SEM and the elemental compo-
sition of individual fibres was determined by EDXA. For inorganic fibres, excluding
asbestos and gypsum, the geometric mean concentration was around 0.005 fibre/cm3.
The proportion of these inorganic fibres that had an elemental composition similar to that
of MMVF was less than about one quarter.
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1.5 Regulations and guidelines


Many industrialized and developing countries have, or refer to, exposure limit
values for inert dusts, ‘nuisance’ dusts or particles. Several of these countries use the
same limit values for insulation wool fibres and dusts (ILO, 2000). Table 51 summarizes
the regulations enforced in selected countries. The absence of information for a
particular country should not be taken to imply that the country does not have
regulations with regard to MMVFs. 


In December 1997, the European Union (EU) published the classification of man-
made (vitreous) silicate fibres under the Substances Directive (European Commission,
1997). [The Working Group noted that this classification is to be reviewed by the EU by
December 2002.] According to the EU system, all MMVF wools are considered to be
irritants and are classified for carcinogenicity according to the following rules. Man-
made vitreous fibre wools with length-weighted geometric mean diameter, less two
standard errors, greater than 6 µm are exempt from carcinogenicity classification. [The
Working Group noted that the classification and labelling group of the European
Commission has agreed to change ‘standard error’ to standard deviation.] Untested
insulation wool fibres with a diameter ≤ 6 µm and with a content of Na2O + K2O + CaO
+ MgO + BaO that exceeds 18% by weight are classified as category 3, ‘possible
carcinogen’. If the content of Na2O + K2O + CaO + MgO + BaO is less than or equal to
18%, the fibre is classified as category 2, ‘probable carcinogen’. A category 3 fibre can
be exempted from classification as a possible carcinogen if it fulfils one of the following
criteria: 


(1) a short-term biopersistence test by inhalation has shown that the fibres
longer than 20 µm have a weighted half-life of less than 10 days;


(2) a short-term biopersistence test by intratracheal instillation has shown that
the fibres longer than 20 µm have a weighted half-life of less than 40 days; 


(3) an appropriate intraperitoneal test has shown no evidence of excess carcino-
genicity; or 


(4) relevant pathogenicity or neoplastic changes have been found to be absent in
a suitable long-term inhalation test.


The protocol by which these criteria are established has been proposed by the
European Commission (Bernstein & Riego-Sintes, 1999).


Germany (Bundesgesetzblatt, 2000) has banned the production and use of the
following fibre-containing products in building and technical applications for insulation
against heat and noise: 


– MMVF wools with mass percentage greater than 18% of the oxides of Na, K,
Ca, Mg and Ba; 


– preparations and articles containing in excess of 0.1% (mass fraction) of MMVF
wools.
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MMVFs


Exposure limitsCountry Reference Products regulateda


Fibre/cm3 Dust (if no specific limit given for
fibres)


Australia NOHSC (2001) Synthetic mineral fibres 0.5 respirable 2 mg/m3 inspirable dust; secondary
standard in situations in which
almost all the airborne material is
fibrous


Austria ILO (2000) Man-made vitreous
(silicate) fibres


0.5 WHO fibre


Canada National Research
Council (NRC)
(2000)


MMVF insulation wool
products


Each province has it own, e.g.
Alberta 1 (0.5 for refractory
ceramic fibres)


Denmark Arbejdstilsynet
(2001)


Glass, (rock) stone and
slag wool


1 WHO fibre


Finland ILO (2000) None 10 mg/m3


France INRS (1999) Mineral wool fibres 1 for glass, rock (stone) and
slag wool, 0.6 for refractory
ceramic fibres


Germany (see text)
Italy ILO (2000) None 5 mg/m3 total dust
Japan ILO (2000) None


1 (fibre with diameter < 3 µm)
2.9 mg/m3 respirable dust


Republic of Korea Kim et al. (1999) Permissible level of exposure for
glass and rock (stone) wool is
10 mg/m3.


Netherlands ILO (2000) None 1
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Table 51 (contd)


Exposure limitsCountry Reference Products regulateda


Fibre/cm3 Dust (if no specific limit given for
fibres)


New Zealand NRC(2000) Man-made mineral fibres 1 (fibre with diameter < 3 µm)
Norway ILO (2000) Synthetic mineral fibres 1
Poland NRC (2000) Man-made mineral fibres 2 (length > 5 µm)
Sweden AFS (1996) Inorganic synthetic fibres 1
Switzerland ILO (2000) Mineral wool 0.5 WHO fibres
United Kingdom ILO (2000) MMVF 2 5 mg/m3 (fibre or mass limit


applies, whichever is achieved
first)


USA (see text)


Swedish National Board of Occupational Safety and Health (AFS) (1996); Arbejdstilsynet (2001); ILO (2000); INRS (1999);  Kim et al.
(1999); Australian National Occupational Health & Safety Commission (NOHSC) (2001); National Research Council (NRC) (2000)
a If None, dust is regulated as inorganic dust.
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This regulation does not apply to MMVFs that fulfil one of the following
exoneration criteria:


(1) a suitable intraperitoneal test showed no evidence of increased carcino-
genicity;


(2) the half-life after intratracheal instillation of 2 mg of a fibre suspension
containing fibres of length > 5 µm, diameter < 3 µm, and with a length-to-
diameter ratio in excess of 3:1 (WHO fibres) does not exceed a maximum of
40 days;


(3) the carcinogenicity index (KI) (mass percentages of oxides of Na, K, Ca,
Mg, Ba and B minus twice the mass percentage of aluminum oxide) is at
least 40;


(4) glass fibres developed for high-temperature applications with a classification
temperature greater than 1000 °C when their half-life, determined by
method 2, above, does not exceed 65 days.


The German TRK Wert (Technical limit value) for fibres has been specified by the
Deutsche Forschungsgemeinschaft (2001) as follows:


– High-temperature glass fibres: 0.5 fibre/cm3


– All other applications: 0.25 fibre/cm3, except in specific areas where refractory
ceramic fibres, polycrystalline fibres or special glass fibres are used: existing
installations where refractory ceramic fibres and special-purpose glass fibres
are processed, processing of refractory ceramic fibres and polycrystalline
fibres; for finishing operations, installation, assembly, mixing, forming,
packaging at place of fibre production and polycrystalline fibres for which the
limit value of 0.5 fibre/cm3 is applicable until December 31, 2002.


In the USA, the Occupational Safety and Health Administration (OSHA) has not
developed a specific exposure limit for fibres and the limits for total dust (15 mg/m3)
and respirable dust (5 mg/m3) apply. However, certain organizations and the MMVF
industry have issued their own recommendations. 


• The American Conference of Governmental Industrial Hygienists (2001) has
adopted the following Threshold Limit Values for continuous filament glass
fibres, 1 fibre/cm3 and 5 mg/m3 respirable dust; for glass wool, slag wool, rock
(stone) wool and special-purpose glass fibres, 1 fibre/cm3; and for refractory
ceramic fibres, 0.2 fibre/cm3.


• In 1999, the US Navy reduced their exposure standard for all MMVFs from 2
fibres/cm3 to 1 fibre/cm3 (National Research Council, 2000). 


• The Health and Safety Partnership Program (between OSHA, NAIMA and the
users) established a limit of 1 fibre/cm3 for respirable MMVF insulation wools
(ILO, 2000; Marchant et al., 2002).


• The Refractory Ceramic Fibers Coalition (RCFC), a trade organization of manu-
facturers of refractory ceramic fibres in the USA, adopted a recommended
exposure guideline of 0.5 fibre/cm3 in 1997 (Maxim et al., 1997; National
Research Council, 2000).
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• The International Labour Office has issued a Code of Practice on safety in the
use of synthetic vitreous fibre insulation wools (ILO, 2000). The Code of
Practice covers general and specific measures for prevention and protection,
information, education and training and surveillance of exposure and workers’
health.
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2. Studies of Cancer in Humans


The epidemiological studies of MMVFs published before 1987 were reviewed by
IARC (1988). These studies are reviewed here only briefly if no updates have been
published since. The epidemiological studies reported since 1988 include updates of
previously published studies, notably two large cohort studies from the United States
of America (United States University of Pittsburgh study) and Europe, as well as new
studies. Studies conducted within the MMVF industry have attempted to separate the
different types of MMVF, although this was not always possible, in particular for rock
(stone) wool and slag wool, and for glass wool and continuous glass filament. The
results of studies of workers exposed to both glass wool and continuous glass filament
were considered more relevant to glass wool, which is the predominant source of expo-
sure in these plants. In most studies of installers and studies conducted in the general
population, no reliable differentiation between different types of MMVF was possible
and they are generally included in section 2.5. The studies described in sections 2.1–2.4
were carried out on production and maintenance workers. The epidemiological studies
available have not directly addressed the issue of biopersistence of MMVFs. However,
indirect information can be obtained by considering the results according to the types
of fibre manufactured in specific plants (e.g. special-purpose glass fibres are produced
in plants 6 and 10 of the United States University of Pittsburgh study).


2.1 Glass wool (see Table 52)


Two major mortality studies have been conducted on glass wool and continuous
glass filament workers, one in the USA and one in Europe. The results published before
1987 were reviewed by IARC (1988). The results of the updates of these studies and of
the new studies have been evaluated below. A study in Canada of a cohort of 2557 male
glass wool workers was also reviewed in the 1988 IARC Monographs, but has not been
updated since (Shannon et al., 1984, 1987). From these studies, there was inadequate
evidence for the carcinogenicity of glass wool in humans (IARC, 1988). 
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Reference,
plants


Description,
employment period,
follow-up, definition
of cases


No. of deaths or
cases, type of
cancer, controls


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


US University of Pittsburgh


Cohort studies


Marsh et al. (1990)
8 plants


11 380 male
workersa


employed 1945–63,
follow-up 1946–85


340 deaths from
respiratory cancer


‘Glass wool’
  Time since first employment
    < 10 years
    10–19 years
    20–29 years
    ≥ 30 years


  11
  49
118
162


SMR
1.12 [1.00–1.24]


0.92 [0.46–1.64]
1.08 [0.81–1.44]
1.11 [0.92–1.33]
1.15 [0.98–1.34]


Local rates


  Duration of employment
    < 10 years
    10–19 years
    20–29 years
    ≥ 30 years


190
  56
  62
  32


1.21 (p < 0.05)
0.98
1.09
0.97


Marsh et al. (2001a)
8 plants
(same as above)


26 679 male and
female workersa


employed 1945–78,
follow-up 1946–92


733 deaths from
respiratory cancer


‘Glass wool’
  Special-purpose glass fibres
Mostly glass woolb


Long-term workers ( ≥ 5 years)


  81
243
138


SMR
[1.07 (0.99–1.15)]
[1.09 (0.87–1.36)]
1.18 (1.04–1.34)
1.06 (0.90–1.26)


Local rates


63 deaths from
buccal cavity and
pharynx cancer


‘Glass wool’ 1.11 (0.85–1.42)


64 deaths from
cancer of the
bladder and other
urinary organs


‘Glass wool’ 1.07 (0.82–1.37)


p
p
1
3
3
-
1
8
0
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Table 52 (contd)


Reference,
plants


Description,
employment period,
follow-up, definition
of cases


No. of deaths or
cases, type of
cancer, controls


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Nested case–control studies


Marsh et al. (2001a);
Stone et al. (2001)
10 plants
(Glass fibres including
continuous glass
filament plants)


631 deaths from
respiratory cancera


diagnosed 1970–92
(men)


570 controls Ever exposed to respirable fibres
  continuous glass filament
  glass wool + continuous glass
  filamentb


  mostly glass woolb


622


356


183


Odds ratio
1.37 (0.55–3.42)
1.0
1.01 (0.69–1.47)


1.06 (0.71–1.60)


Adjusted for smoking


Adjusted for smoking


Adjusted for smoking


Chiazze et al. (1992,
1993)
plant 9 of Marsh et al.
(2001a)
glass wool +
continuous glass
filament plantb


166 deaths from
lung cancera


diagnosed 1940–82
(men)


387 controls
< 100 fibres/cm3–day
100–299.99 fibres/cm3–day
≥ 300 fibres/cm3–day


  
  98
  37
  27


Odds ratio
1.0
1.72 (0.77–3.87)
0.58 (0.20–1.71)


Adjusted for smoking
and other potential
confounders
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Table 52 (contd)


Reference,
plants


Description,
employment period,
follow-up, definition
of cases


No. of deaths or
cases, type of
cancer, controls


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


European study


Cohort studies


Plato et al. (1995c)
Sweden; one glass
wool plant included in
Boffetta et al. (1997)


1970 male and
female workersa


employed before
1978,
mortality follow-up
1952–90


Incidence follow-up
1958–89


14 deaths from lung
cancer


17 cases of lung
cancer


Duration of employment with
20-year lag
  < 2 years
  2–9 years
  10–19 years
  ≥ 20 years
  Total


Duration of employment
  < 2 years
  2–9 years
  10–19 years
  ≥ 20 years
  Total


  
  5
  5
  0
  1
11


  3
11
  1
  2
17


SMR
0.97 (0.57–1.69)


2.24 (0.73–5.23)
1.14 (0.37–2.66)


0.94 (0.02–5.21)
1.21 (0.68–2.30)


SIR
0.72 (0.15–2.12)
1.15 (0.57–2.05)
0.31 (0.01–1.74)
1.45 (0.18–5.24)
0.93 (0.54–1.48)


Local rates


p
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Table 52 (contd)


Reference,
plants


Description,
employment period,
follow-up, definition
of cases


No. of deaths or
cases, type of
cancer, controls


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Boffetta et al. (1997)
5 glass wool plants in
Finland, Italy,
Norway, Sweden and
United Kingdom


6936 male and
female workersa


employed 1933–77,
follow-up until 1992


140 deaths from
lung cancer


10 deaths from
cancer of the buccal
cavity and pharynx


Technological phase
  early
  intermediate
  late


  19
100
  21


SMR
1.27 (1.07–1.50)


1.07 (0.64–1.67)
1.40 (1.14–1.70)
1.02 (0.63–1.56)


1.47 (0.71–2.71)


National rates


Boffetta et al. (1999)
3 glass wool plants in
Finland, Norway and
Sweden;
included in Boffetta
et al. (1997)


2611 male and
female workersa,
follow-up until 1995


40 cases of lung
cancer Time since first employment


  ≤ 19 years
  20–29 years
  ≥ 30 years


Duration of employment
  1–4 years
  5–9 years
  10–19 years
  ≥ 20 years


Technological phase
  early
  late


10
15
15


23
  8
  4
  1


20
20


SIR
1.28 (0.91–1.74)
Relative risk
1.0
1.9 (0.8–4.8)
2.3 (0.6–9.2)


1.0
0.8 (0.3–2.0)
0.8 (0.3–2.4)
0.7 (0.08–5.3)


0.6 (0.2–1.9)
1.0


National rates


Adjusted for age, gender,
country and technological phase


p for linear trend = 0.2


Adjusted for age, gender,
country, technological phase
and time since first employment
p for linear trend = 0.5


Adjusted for age, gender,
country and time since first
employment


p
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Table 52 (contd)


Reference,
plants


Description,
employment period,
follow-up, definition
of cases


No. of deaths or
cases, type of
cancer, controls


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Nested case–control study


Gardner et al. (1988)
1 United Kingdom
glass wool plant from
the European study


73 deaths from lung
cancer
employed 1946–78,
follow-up until 1984


506 controls
Super-fine glass wool
Glass wool


  2
31


Odds ratio
1.3 (0.3–5.8)
1.1 (0.7–1.9)


Potential asbestos exposure
odds ratio, 1.5 (0.8–2.5)


Other studies


Cohort studies


Shannon et al. (1984,
1987)
Canada


2557 male workers
employed 1955–77,
≥ 90 days,
follow-up until 1984


Plant-only workers
19 deaths from lung
cancer


  All cases
  Exposed ≥ 5 years and
  ≥ 10 years since first exposure


Duration of employment
  < 5 years
  5–< 10 years
  10–< 15 years
  15–< 20 years
  20–< 25 years
  25–< 30 years
  ≥ 30  years


19
13


  
  6
  3
  3
  2
  1
  2
  2


SMR
1.99 [1.20–3.11]
1.82 [0.97–3.11]


SMR
2.91
2.88
1.79
1.16
0.86
1.59
3.25


Local rates


Local rates
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Table 52 (contd)


Reference,
plants


Description,
employment period,
follow-up, definition
of cases


No. of deaths or
cases, type of
cancer, controls


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Shannon et al. (1984,
1987) (contd)


Time since first employment
  < 5 years
  5–< 10 years
  10–< 15 years
  15–< 20 years
  20–< 25 years
  25–< 30 years
  ≥ 30 years


  1
  1
  2
  3
  2
  5
  5


SMR
4.31
1.68
2.11
1.91
1.04
2.09
2.70


Provincial rates


Moulin et al. (1986)
France


1374 male workers a


employed 1975–84 5 cases of lung
cancer


19 cases of ‘upper
respiratory and
alimentary tract’
cancer


Production workers
  duration of exposure
    1–9 years
    10–19 years
    ≥ 20 years


  2
  1
  1


SIR
0.74 (0.24–1.72)


1.82 (0.22–6.57)
0.63 (0.02–3.48)
0.56 (0.01–3.10)


2.18 (1.31–3.41)


Regional rates


SMR, standardized mortality ratio; SIR, standardized incidence ratio; respiratory cancer, ICD8, 160–163
a Workers employed for ≥ 1 year
b For this review, workers exposed to ‘mostly glass wool’ or ‘glass wool and continuous glass filaments’ are considered as being exposed to glass wool, because the
pattern of exposure among these groups results predominantly in exposure to glass wool.
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2.1.1 United States University of Pittsburgh cohort


(a) Cohort studies
The United States (US) University of Pittsburgh cohort consists of male workers


employed for 1 year or more between 1945 and 1963 in production or maintenance at
one or more of 11 glass fibre and six rock (stone) wool and slag wool plants (Table 53).
Of the 11 glass fibre plants, three produced continuous glass filament, two glass wool
and continuous glass filament and six mostly glass wool. The original report and the
updates presented the mortality statistics collected until 1982 (Enterline et al., 1983;
Enterline & Marsh, 1984; Enterline et al., 1987). The 1985 follow-up study was
reported by Marsh et al. (1990) and included 16 661 workers. Death certificates were
obtained for 96.2% of those identified as deceased. The data were analysed according
to three different follow-up periods, time since first employment and duration of
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Table 53. Characteristics of the plants participating in the study by the
US University of Pittsburgh, USA, on MMVFs


Plant no. Location Principal product


Glass fibre plants
    1 Parkersburg, WV Mostly woola


    2 Ashton, RI Filament
    4 Kansas city, KS Mostly woola


    5 Huntington, PA Filament
    6 Santa Clara, CA Mostly woola


    9 Newark, OH Wool and filament
  10 Waterville, OH Wool and filamentb


  11 Defiance, OH Mostly woola


  14 Shelbyville, IN Mostly woola


  15c Kansas City, KS Wool and filamentb


Rock (stone)/slag wool plants
    3 Alexandria, IN Rock (stone)/slag woold


    7 Tacoma, WA Rock (stone)/slag woold


    8 Wabash, IN Rock (stone)/slag woold


  12 Birmingham, AL Rock (stone)/slag woold


  13 S. Plainfield, NJ Rock (stone)/slag woold


  17 Joplin, MO Rock (stone)/slag woole


Plants 6 and 10 produced special-purpose glass fibres (small-diameter, < 1.5 µm).
a Includes some filament operations
b Consists of one facility devoted to filament manufacturing and one devoted to wool.
c Two of the original glass fibre plants (plants 15 and 16) included in Marsh et al. (1990)
were combined (as plant 15) in Marsh et al. (2001a) because the workers moved freely
between the adjacent manufacturing sites.
d Extended follow-up: N-cohort
e Extended followup: O-cohort
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employment. The expected numbers of deaths were based on cause-specific mortality
rates for white men in the USA and on the rates from the county where the plant was
located. In addition, Poisson regression modelling was used to investigate the depen-
dence of standardized mortality ratios (SMRs) on possible combinations of exposure to
fibres with potential confounding variables. The SMR for all malignant tumours for the
whole cohort was 1.08 based on local rates.


The US University of Pittsburgh cohort included eight glass fibre plants: two pro-
ducing glass wool and continuous glass filament (start of production, 1938–50) and six
producing mostly glass wool (start of production, 1946–52). The study population
consisted of 11 380 male workers employed for 1 year or more (or for six months at two
plants that produced small-diameter glass fibres (less than 1.5 µm)) between 1945 and
1963 (1940–63 for plant 9) in these eight plants. Results are presented for ‘fibrous glass
wool and both’ combining ‘fibrous glass wool’ (‘mostly glass wool’) and ‘fibrous glass
both’ (‘glass wool and continuous glass filament’). For the purposes of this review,
workers exposed to ‘mostly glass wool’ or ‘glass wool and continuous glass filament’
are considered as being exposed to glass wool, because the pattern of exposure among
these groups results predominantly in exposure to glass wool. The SMR for respiratory
cancer (ICDs 8 160–163) (including cancer of the larynx) for workers exposed to glass
wool was 1.12 [95% confidence interval (CI), 1.00–1.24] (340 cases) based on local
reference rates. The average exposure to fibres was 0.047 fibre/cm3. The average
exposure to (respirable fibres) < 3 µm diameter was 0.039 fibre/cm3 for all glass fibre
plants. There was no positive relationship between respiratory cancer and duration of
employment (Marsh et al., 1990).


The US University of Pittsburgh cohort study for the glass fibre plants was extended
until 1992 and expanded to include a more complete characterization of the work
histories and the racial composition of the cohort, a nested case–control study of respi-
ratory cancer, a survey of tobacco smoking habits and a retrospective assessment of
exposure (Buchanich et al., 2001; Marsh et al., 2001a,b,c; Quinn et al., 2001; Smith
et al., 2001; Stone et al., 2001; Youk et al., 2001). The expanded cohort included female
employees, workers employed after the original cohort end-date of 1963 and workers
from additional manufacturing sites. Thus the study covered 10 glass fibre plants (two
from the original cohort were combined), including eight plants that produced glass
wool and two that produced continuous glass filament (see Table 53). This study
examined the mortality experience between 1946 and 1992 of 32 110 production or
maintenance workers (5431 workers exposed to continuous glass filament, 15 718 to
glass wool and continuous glass filament and 10 961 mostly to glass wool) employed
for at least one year between 1945 and 1978 with certain exceptions. Firstly, a six-month
employment criterion was applied to male workers in the original cohort from two plants
(6 and 10) where special-purpose glass fibres, relatively low-solubility glass fibres or
quartz (pure silica) fibres (small-diameter (less than 1.5 µm)) were produced, and
secondly, a starting date of 1940 was used for one plant (plant 9). The cause of 98.8%
of deaths was identified and 0.6% of the study subjects were lost to follow-up. The
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whole cohort of glass fibre workers, including those who worked with glass wool and
continuous glass filament covered 935 581 person–years and was about evenly divided
between short-term (< 5 years; 47.9%) and long-term (≥ 5 years; 52.1%) workers. Of the
glass-fibre workers, 5675 (17.7%) had been employed for 20 or more years and 15 766
(49.1%) were followed up for 30 or more years (Marsh et al., 2001a).


As described by Smith et al. (2001) and Quinn et al. (2001), profiles for the
historical exposure of individual workers were developed using an approach that
integrated epidemiological methods with those used by industrial hygienists. Quanti-
tative estimates of exposure were made for respirable fibres, formaldehyde and
crystalline silica, and qualitative estimates for other agents such as arsenic, asbestos,
asphalt, polycyclic aromatic hydrocarbons (PAHs) and styrene. The exposure was
estimated from the date of plant start-up until closure or until 31 December 1987, which
was the latest common work-history end-date. The median average intensity of exposure
to respirable fibres computed across all individual workers was 0.035 fibre/cm3. When
calculated by plant, this value ranged from 0.001 fibre/cm3 for workers in one plant that
produced continuous glass filament to 0.167 fibre/cm3 for workers in a plant that
produced mostly glass wool. The median cumulative exposure was 1.441 fibres/cm3–
months for all workers, ranging from 0.086 to 6.382 fibres/cm3–months. The average
exposure of long-term workers (employed for at least 5 years) during their first five years
of exposure was similar to that of short-term workers (employed for less than 5 years)
(Marsh et al., 2001a). 


For the whole glass fibre cohort (10 plants) using local county rates, the SMR for
all causes of mortality was reduced (SMR, 0.90; 95% CI, 0.88–0.92) as was that for all
cancers (SMR, 0.94; 95% CI, 0.90–0.98) during 1960–92 (8436 deaths from all causes
and 2243 deaths from cancer). For all workers, the local county-based SMRs for
respiratory cancer increased with calendar time and time since first employment, but
not with duration of employment. The short-term workers had an excess of respiratory
cancer (SMR, 1.12; 95% CI, 1.01–1.24) (378 cases) compared with an SMR of 1.03
(0.94–1.12) (496 cases) for long-term workers. The SMRs for long-term workers did
not increase with calendar time, duration of employment or time since first employment
(Marsh et al., 2001a). 


An analysis restricted to the eight glass wool plants resulted in an SMR for respi-
ratory cancer of [1.06 (95% CI, 0.99–1.14)] (733 deaths) (local county comparison).
The SMR for respiratory cancer in the four plants producing special-purpose glass
fibres (local county comparison) was [1.06 (95% CI, 0.97–1.15)] (490 cancer deaths).
In general, comparison with national reference rates provided similar results (Marsh
et al., 2001a).


Buchanich et al. (2001) inferred from a survey of the tobacco-smoking habits of the
US University of Pittsburgh cohort that male glass fibre workers had higher estimated
point prevalence rates of ever smoking than the corresponding general US populations
and than most of the states where the study plants were located. The method of Axelson
and Steenland (1988) was used to make an indirect adjustment of the SMRs for
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respiratory cancer to account for potential confounding by smoking. The adjustments
were based on data on smoking prevalence within the cohort estimated from a random
sample of cohort members (Marsh et al., 2001b) and the relative risk for ever versus
never smoking as estimated from the nested case–control study of respiratory cancer
(Marsh et al., 2001a). The adjustment suggested that cigarette smoking may account for
the excess in respiratory cancer observed for the cohort of male glass-fibre workers
(SMR adjusted for age-adjusted prevalence of ever smoking and based on local county
rates, 0.89). The same conclusion was reached regardless of which of several alter-
natives were used to adjust local county rate-based SMRs for respiratory cancer. All
SMRs that were statistically significantly elevated when unadjusted were reduced to
non-statistically significant levels when adjusted for smoking (Marsh et al., 2001b).


As part of the on-going mortality surveillance programme for the US MMVF
industry, mortality from mesothelioma [mesotheliomas were not identified before the
8th ICD revision in 1968] was investigated from the 1992 follow-up of the US Uni-
versity of Pittsburgh study (Marsh et al., 2001c). A manual search of all death certi-
ficates of 9060 glass-fibre workers revealed that seven of the death certificates issued
for the glass wool workers mentioned the word mesothelioma. A subsequent review
of medical records and pathology specimens for one (plant 9) of the seven workers
deemed this one death as having a 50% chance of being due to mesothelioma. Five of
the seven workers who had died had potentially been exposed to asbestos while
working in the glass fibre industry or in other jobs. No death coded as pleural cancer
was observed in the glass wool cohort.


With the exception of respiratory cancer, no statistically significant excesses of
mortality were observed among the cancer site categories ‘buccal cavity and pharynx’
(SMR, 1.11; 95% CI, 0.85–1.42; 63 cancer deaths) or ‘bladder and other urinary organs’
(SMR, 1.07; 95% CI, 0.82–1.37; 64 cancer deaths) (local county comparison) (Marsh
et al., 2001a). 


(b) Nested case–control studies
Marsh et al. (2001a), Stone et al. (2001) and Youk et al. (2001) performed a nested


case–control study as part of the US University of Pittsburgh cohort study of glass-fibre
workers (10 plants) in which workers at the continuous glass filament plants represented
the lower exposure groups. The investigators identified 713 men who had died from
respiratory cancer during 1970–92 and one control per case. The potential controls were
at risk during 1970–92 and alive and at risk at the age at which the case had died;
controls were also matched by date of birth. A telephone interview was conducted with
the study subject or a knowledgeable informant for [88.6%] of cases and 80.2% of
controls (Stone et al., 2001). [The proportion of respondent type was not given.] There
were 516 matched sets for which data on smoking (631 cases and 570 controls) were
available for analysis. 


Marsh et al. (2001a) reported an increased risk for respiratory cancer for combined
non-baseline levels of exposure to respirable fibres (odds ratio, 1.37; 95% CI, 0.55–
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3.42), adjusted for smoking. The duration of exposure and cumulative exposure to respi-
rable fibres (adjusted for smoking) did not appear to be associated with an increased risk
for respiratory cancer and no apparent increase in risk with increasing time since first
employment in the plant was noted. There was some evidence of an elevated risk for
respiratory cancer associated with non-baseline levels of average intensity of exposure
to respirable glass wool, but this was not statistically significant when adjusted for
smoking and there was no apparent trend with increasing exposure. The analysis by
product group (‘continuous glass filament’, ‘glass wool and continuous glass filament’
and ‘mostly glass wool’) used continuous glass filament as the baseline category. After
adjustment for smoking, the odds ratios for the ‘glass wool and continuous glass
filament’ and ‘mostly glass wool’ categories were close to unity when compared to the
baseline for continuous glass filament, and were 1.01 (95% CI, 0.69–1.47) and 1.06
(95% CI, 0.71–1.60), respectively.


Youk et al. (2001) explored the possible exposure–response relationship between
respiratory cancer and exposure to respirable fibres or formaldehyde using exposure-
weighting. None of the categorized measurements of exposure to respirable fibres
using time lags and unlagged/lagged time windows showed a statistically significant
association with risk for respiratory cancer (p > 0.49 for each). All of the estimated
odds ratios for exposure-weighted models were lower than the estimated odds ratio of
1.37 (95% CI, 0.55–3.42) for the unweighted model. No pattern of increasing risk for
respiratory cancer with increasing levels of cumulative exposure or average intensity
of exposure to respirable fibres was seen. 


Stone et al. (2001) extended the exposure–response analysis within the case–control
study to include quantitative measures of exposure to respirable fibre for the US Univer-
sity of Pittsburgh cohort. Quantitative measures of formaldehyde and crystalline silica
(mainly quartz) were made as these substances were considered as potential confounders
and effect modifiers. Neither the average intensity of exposure nor the cumulative expo-
sure to respirable fibres showed a statistically significant association with risk for respi-
ratory cancer in any of the hundreds of fractional polynomial models considered. 


Chiazze et al. (1992) reported on a case–control study of male workers employed for
one year or more between 1 January 1940 and 31 December 1962, and followed up until
1982, at one glass fibre plant (producing glass wool and continuous glass filament) in
the USA. This plant is included in the US University of Pittsburgh cohort (plant 9). The
investigators identified 166 deaths due to lung cancer. The controls were cohort
members matched on year of birth (within 2 years) and survival to end of the follow-up
period or death (within 2 years). The response rate was 88% for cases and 79% for
controls. Interviews were completed with proxies for 144 of these cases. Eighty per cent
of the interviews were conducted face-to-face and the remaining 20% by telephone.
Moste of the interviewees were proxy respondents (88%), of whom 87% reported
having been in contact with the subject at least once a month. Data available for analysis
included information on work history, demographic information (including smoking
habits) and Chiazze et al. (1993) added information on exposure for a profile constructed
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for the years 1934–87 that included estimates of cumulative exposure to respirable
fibres. The odds ratio for smoking (> 6 months versus never) and lung cancer was 26.2
(95% CI, 3.32–207). The odds ratios for lung cancer adjusted for smoking and other
potential confounders were 1.72 (95% CI, 0.77–3.87) and 0.58 (95% CI, 0.20–1.71) for
cumulative exposure to respirable fibre categories of 100–299.99 fibres/cm3–days and
≥ 300 fibres/cm3–days, respectively. The lowest exposure category, < 100 fibres/cm3–
days, served as the reference group.


2.1.2 European glass fibre cohort


(a) Cohort studies
Plato et al. (1995c) investigated the mortality and cancer incidence in Sweden


among 3539 male and female workers (1970 from a glass wool plant, 1187 from a large
rock (stone) wool/slag wool plant and 382 from a small rock (stone) wool/slag wool
plant), employed for at least one year before 1978. These plants were included in the
European MMVF cohort study (see Boffetta et al., 1997). Of the 3539 subjects, 245
had emigrated before the study and 41 were lost to follow-up. The mortality analysis
was based upon the remaining 3253 subjects, 738 of whom died between 1952 and
1990. Cancer incidence was followed from 1958 to 1989. The SMR and SIR were
analysed using regional and national reference rates. When compared with regional
reference rates, there was a slightly increased excess for overall mortality (SMR, 1.02;
95% CI, 0.95–1.10) for the total cohort including the rock (stone)/slag wool
component. Comparison with regional reference rates showed no increased risk for
mortality from all cancers for workers at the glass wool plant (SMR, 1.00; 95% CI,
0.82–1.22; 102 cancer deaths) or from lung cancer (ICD-8 162) (SMR, 0.97; 95% CI,
0.57–1.69; 14 lung cancer deaths). Neither was there an increased risk for lung cancer
mortality associated with a longer duration of employment (length of employment < 2
years, SMR, 1.47; 95% CI, 0.48–3.44; 2–9 years, SMR, 0.92; 95% CI, 0.37–1.90;
10–19 years, SMR, 0.39; 95% CI, 0.01–2.19, ≥ 20 years, SMR, 0.94; 95% CI,
0.02–5.21). There was an excess in lung cancer mortality for workers with 30 years of
latency (SMR, 1.43; 95% CI, 0.74–3.05). [No data on smoking or co-exposure were
available.]


Boffetta et al. (1997) extended the follow-up of cancer mortality for the European
cohort study of MMVF production workers in 13 factories from 1982 (except for one
continuous glass filament plant where it was until 1983) until 1990 in Denmark, Italy,
Norway and Sweden, 1991 in Germany and 1992 in the United Kingdom (see Table 54).
Information on work history was available until 1977. The population under study was
the workforce (male and female) ever employed (i.e. with at least 1 year of employment
in Sweden and in one of the two factories in the United Kingdom) between the year
production started (1933–50) and 1977; follow-up was successful for 97.7% of the
workers and the cause of 99.5% of deaths was known. Five factories (1 in Finland, 1 in
Italy, 1 in Norway, 1 in Sweden and 1 in the United Kingdom) in which glass wool was
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produced employed a total of 8335 workers (6936 workers had ≥ 1 year of employment
and contributed 167 675 person–years of observation). Exposure to asbestos occurred in
one plant in Finland (1946–48) and one plant in the United Kingdom (1946–62) (Cherrie
& Dodgson, 1986). No information on other potential sources of workplace co-exposure
or on smoking habits were available. Among the cohort of glass-wool workers employed
for one year or more, excesses for all causes of death (SMR, 1.05; 95% CI, 1.00–1.10;
1679 deaths) and all malignant neoplasms (SMR, 1.11; 95% CI, 1.01–1.22; 460 cancer
deaths) were observed based on national mortality rates. There was an increased risk for
lung cancer (SMR, 1.27; 95% CI, 1.07–1.50; 140 lung cancer deaths). An analysis of
lung cancer mortality by technological phase in all workers and in workers employed for
one year or more did not reveal a trend of higher risks during the earlier technological
phases. No trend in lung cancer mortality was associated with duration of employment.
The SMR for cancer of the buccal cavity and pharynx was 1.47 (95% CI, 0.71–2.71).
One death from mesothelioma was observed in the glass-wool workers.
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Table 54. Plants and populations included
in the European MMVF study


Production process, plant no. and
country


No. of workers


Rock (stone)/slag wool
    1 Denmark
    3 Norway
    4 Norway
    5 Norway
    8 Sweden
    9 Sweden
  12 Germany
  Total, rock (stone)/slag wool


  4 585
     473
     460
     875
     384
  1 194
  2 137
10 108


Glass wool
    2 Finland
    6 Norway
    7 Sweden
  10 United Kingdom
  14 Italy
  Total, glass wool


     924
     644
  2 022
  4 145
     600
  8 335


Continuous glass filament
  11 United Kingdom (Northern


Ireland)
  14 Italy
Total, continuous filament
Total, cohort


  1 837
  
  1 722
  3 559
22 002


From Boffetta et al. (1997)
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The cancer incidence of 2611 glass-wool production workers was followed up until
1995. The subjects had been employed for one year or more (68 523 person–years) in
Finland, Norway or Sweden (3 plants from the Boffetta et al. (1997) study) (Boffetta
et al., 1999), an increased incidence of lung cancer (SIR, 1.28; 95% CI, 0.91–1.74; 40
cases) was observed. A trend was suggested for time since first employment (p = 0.2),
but not with employment during the earlier technological phases. The SIR for cancers
of the oral cavity, pharynx and larynx was 1.41 (95% CI, 0.80–2.28; 16 cases). 


(b) Nested case–control study
Gardner et al. (1988) reported a study of 73 employees (66 men and seven women)


who had died from lung cancer and 506 matched controls through 1984 (as did
Simonato et al. (1987) in their follow-up of the cohort) from a glass wool plant in the
United Kingdom which was included in the European glass fibre cohort. Superfine
fibres (diameters, 1–3 µm and 2–5 µm) had been manufactured at this plant for two
periods between 1949 and 1968. Up to eight controls were matched for sex and year of
birth (within 2.5 years) with each case. The controls were selected at random from all
eligible workers who were alive and had been employed for one year or more at the time
the case died. [The response rates and proportions of respondent type were not reported.]
The odds ratios and CIs were computed by conditional logistic regression for matched
case–control sets with a variable matching ratio. The odds ratio for employment in jobs
entailing exposure to ‘superfine glass wool’ was 1.3 (95% CI, 0.3–5.8) and that for
employment in jobs in which workers were exposed to glass wool was 1.1 (95% CI,
0.7–1.9). There was no evidence of a relationship between lung cancer and fibre
diameter, duration of exposure or time since first exposure. The results by broad occupa-
tional group were similar to those from the cohort study. [The Working Group noted that
the study did not indicate a differential risk for lung cancer in workers exposed to ‘finer-
diameter’ (superfine) glass fibres; however, the exposure levels were low and the
number of cases was small. Data on smoking and co-exposure were not available.] 


2.1.3 Other cohort studies


Shannon et al. (1984, 1987) reported a cohort study of 2557 men who had worked
for 90 days or more between 1955 and 1977 in a glass wool plant in Sarnia, Canada. The
cohort was followed for deaths to the end of 1984 and 97% of the cohort was traced. No
data on historical exposure were available, but samples taken since 1978 suggested that
fibre concentrations were rarely > 0.2 fibre/cm3 and the mean concentrations in most
areas of the plant were < 0.1 fibre/cm3. The cohort was divided into three groups of
workers: plant only, office only and ‘mixed exposure’. For the plant-only group, the
SMR for lung cancer based on 19 deaths and provincial (Ontario) rates was 1.99
[95% CI, 1.20–3.11]. In the office-only and mixed-exposure groups combined, there
were two deaths from lung cancer compared to [2.4 expected (SMR, 0.83; 95% CI,
0.10–3.01)]. For plant-only workers who had been exposed for five years or more and
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for whom ten or more years had elapsed since first exposure, there were 13 deaths from
lung cancer (SMR, 1.82 [95% CI, 0.97–3.11]). There was no trend of increasing lung
cancer risk with increasing duration of employment or time since first employment. 


Moulin et al. (1986) reported a cohort study in France at a glass wool production
factory. The cohort included 1374 male workers who were employed at any time during
1975–84 for at least one year. The incidence of cancer during this period was ascertained
from the social insurance records of the company, and the diagnoses were obtained from
various medical sources. Five workers with lung cancer were identified in the whole
cohort (SIR, 0.74; 95% CI, 0.24–1.72). Nineteen cases of cancers of the ‘upper respi-
ratory and alimentary tract’ were observed (SIR, 2.18; 95% CI, 1.31–3.41). In particular,
there was an excess of cancers of the larynx (5 observed; SIR, 2.30), pharynx
(5 observed; SIR, 1.40) and buccal cavity (9 observed; SIR, 3.01). The excess was
limited to production workers, and among this group the SIR increased with duration of
employment. A survey of the cigarette smoking habits of the 1983 workforce indicated
slightly lower smoking levels than those reported in a survey conducted in France in
1979. [The Working Group noted that the study was initiated because ‘an industrial
physician had noted an excess of cancers in the upper respiratory and alimentary tracts’
in the factory and that the authors did not report whether any case of ‘upper respiratory
and alimentary tract’ cancer was identified in addition to the index cases. Both the
observed and expected numbers of workers with at least 10 years of exposure who deve-
loped lung cancer were very small. The Working Group also noted that the reference
population may not have been appropriate.]


2.2 Continuous glass filament (see Table 55)


In the studies until 1987 evaluated by the previous Working Group, there was
inadequate evidence for the carcinogenicity of continuous glass filaments in humans
(IARC, 1988) (see section 2.1).


(a) United States University of Pittsburgh cohort
Marsh et al. (1990) reported the 1985 follow-up of the cohort of MMVF workers in


the USA (see description of the study in section 2.1). The US University of Pittsburgh
cohort included three plants that produced continuous glass filament (start of production,
1941–51). This part of the study included 3435 male workers employed for one year or
more between 1945 and 1963. The SMR for respiratory cancer for workers exposed to
continuous glass filament was 0.98 (84 cases) based on local reference rates. The
average concentration of fibres to which workers were exposed was 0.011 fibre/cm3. 


In the 1992 follow-up, in the study of 10 glass fibre plants in the USA (described
in detail in section 2.1), two plants (2 and 5) mainly manufactured continuous glass
filaments. The two plants taken together had an SMR for respiratory cancer of 1.04
(95% CI, 0.87–1.22) for all workers and an SMR of 0.96 (95% CI, 0.76–1.19) for long-
term workers (≥ 5 years) (local county comparison) (Marsh et al., 2001a). The SMRs
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Table 55. Studies of cancer incidence in workers exposed to continuous glass filament


Reference, plants Description,
employment period,
follow-up


No. of deaths or
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


US University of Pitsburgh


Cohort studies


Marsh et al. (1990)
3 plants


3435 male workersa,
employed 1945–63,
follow-up 1946–85


84 deaths from
respiratory cancer


Time since first employment
  < 10 years
  10–19 years
  20–29 years
  ≥ 30 years


  6
  8
42
28


SMR
1.03
0.47
1.22
0.99


Local rates


Duration of employment
  < 10 years
  10–19 years
  20–29 years
  ≥ 30 years


51
12
18
  3


1.13
0.61
1.21
0.54


Marsh et al. (2001a)
2 plants


5431 male and femalea


workers,
employed 1945–78,
follow-up 1946–92


141 deaths from
respiratory cancer Long-term workers


(≥ 5 years employment)
81


SMR
1.04 (0.87–1.22)
0.96 (0.76–1.19)


Local rates


Case–control study


Marsh et al. (2001a)
1970–92
Male workers


Plant 2


Plant 5


61 deaths from
respiratory cancer
31 deaths from
respiratory cancer


Odds ratio
1.60 (0.95–2.69)


0.54 (0.31–0.94)


Adjusted for smoking


Adjusted for smoking


p
p
1
3
3
-
1
8
0
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
5
:
0
2
 
 
P
a
g
e
 
1
4
9
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Table 55 (contd)


Reference, plants Description,
employment period,
follow-up


No. of deaths or
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


European cohort study


Boffetta et al.
(1997)
2 plants
United Kingdom
(Northern Ireland),
Italy


1940 male and female
workersa


employed 1946–61
follow-up until 1990


Deaths from lung
cancer
Deaths from cancer
of the buccal cavity
and pharynx


14


  2


SMR
1.11 (0.61–1.86)


1.63 (0.20–5.87)


National rates


US Georgetown University


Chiazze et al.
(1997)
Cohort study


2933 white male
workersa


employed 1951–91
follow-up until 1991


47 deaths from lung
cancer
2 deaths from cancer
of the buccal cavity
and larynx


SMR
1.17 (0.86–1.55)


0.87 (0.11–3.16)


Local rates


Chiazze et al.
(1997)
Case–control study


45 deaths from lung
cancer a


white men
1951–91


122 controls Cumulative exposure to
respirable glass fibres
  0
  > 0.005 fibre/cm3–days
  > 0.005 fibre/cm3–days


35
10
  8


Odds ratio


1.0
0.91 (0.36–2.25)
0.78 (0.28–2.20) Smokers


p
p
1
3
3
-
1
8
0
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
5
:
0
2
 
 
P
a
g
e
 
1
5
0
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Table 55 (contd)


Reference, plants Description,
employment period,
follow-up


No. of deaths or
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


US Georgetown University (contd)


Watkins et al.
(1997)
Cohort study


1074 white womena


494 black mena,
employed 1951–91,
follow-up until 1991


4 deaths from lung
cancer
2 deaths from lung
cancer


SMR
0.72 (0.20–1.85)


0.30 (0.04–1.07)


Local rates


Canadian cohort study


Shannon et al.
(1990)


1465 men and womena,
employed 1951–86


11 deaths from
lung cancer Cumulative exposure to dust


(≥ 15 years since first exposure)
  < 5 years
  5–9 years
  10–24 years
  ≥ 25 years


1
2
2
2


SMR
1.36 [0.68–2.4]


1.38
1.56
1.71
0.67


Local Ontario rates


a Employed for ≥ 1 year
SMR, standardized mortality ratio; SIR, standardized incidence ratio; respiratory cancer, ICD-8, 160–163


p
p
1
3
3
-
1
8
0
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
5
:
0
2
 
 
P
a
g
e
 
1
5
1







for respiratory cancer for the two continuous glass filament plants were (male workers
only): plant 2, 1.18 [95% CI, 0.96–1.44] and plant 5, 0.85 [95% CI, 0.60–1.10]. The
results of the exposure–response analysis for the continuous glass filament plants were
included in the study of glass-wool workers, described in section 2.1. Adjustment for
smoking had very little effect (Marsh et al., 2001b). One person had died from
mesothelioma according to the death certificate, but this diagnosis was not confirmed
by a review of medical records and pathology specimens (Marsh et al., 2001c).


In a nested case–control study among male workers of this cohort (see section 2.1
for description of the study), the smoking-adjusted odds ratios for respiratory cancer for
the two continuous glass filament plants compared with the baseline plant (plant 9)
were: plant 2, 1.60 (95% CI, 0.95–2.69) and plant 5, 0.54 (95% CI, 0.31–0.94) (Marsh
et al., 2001a).


(b) European cohort
In the study by Boffetta et al. (1997), described in detail in section 2.1, separation


into distinct technological phases was not applicable to the process of continuous
filament production. For 1940 continuous filament workers employed for one year or
more in one plant in the United Kingdom (Northern Ireland) or one in Italy,
contributing 35 293 person–years of observation, the SMR for overall mortality was
1.22 (95% CI, 1.05–1.40; 191 deaths) and that for overall cancer mortality was 1.04
(95% CI, 0.76–1.39; 45 cases). The SMR for lung cancer was 1.11 (95% CI,
0.61–1.86; 14 cases) and a non-statistically significant increase in SMR was seen for
cancer of the buccal cavity and pharynx, based upon two deaths (SMR, 1.63; 95% CI,
0.20–5.87).


(c) United States Georgetown University cohort
Chiazze et al. (1997) studied a cohort of 2933 white male production workers


employed for one year or more between 1951 and 1991 in a continuous glass filament
plant in the USA, which was followed up until 1991. B fibres (‘respirable fibres’)
(average diameter, 3.5 µm) were produced only from 1963–68 and glass fibres of
10–12 µm diameter were produced throughout the study period. Three per cent of the
cohort members were lost to follow-up and cause of 96.3% of deaths was known. Infor-
mation on ‘respirable glass fibre’ and on potentially confounding exposure to asbestos,
refractory ceramic fibres, respirable silica, formaldehyde, ‘total chrome’ [presumed to
be chromium oxides] and arsenic was available. This information was not presented in
the SMR analysis (only the results of the case–control study were presented using this
information, see below). The SMRs were calculated using national and county mortality
rates. For all causes of death and all malignant neoplasms, there were deficits in morta-
lity when compared with local rates (SMR for all causes, 0.92; 95% CI, 0.84–1.01; all
malignant neoplasms, SMR, 0.96; 95% CI, 0.78–1.18). The SMR for lung cancer in
white males, based on local mortality rates, showed a non-statistically significant
increase (SMR, 1.17; 95% CI, 0.86–1.55; 47 deaths) and a non-significant deficit in
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mortality due to malignant neoplasms of the buccal cavity and pharynx (SMR, 0.87;
95% CI, 0.11–3.16; 2 deaths). 


In a nested case–control study of this cohort, Chiazze et al. (1997) reported a study
of 47 white men who had died from lung cancer between 1951 and 1991. Controls were
matched on year of birth (within 2 years) and survival to end of follow-up or death
(within 2 years). Information on demographic factors, including smoking, was obtained
from interviews, and a reconstruction of the historical working environment was used
to identify the agents to which the workers were potentially exposed (such as asbestos,
refractory ceramic fibres, total particulate matter, respirable silica, formaldehyde, total
chrome [presumed to be chromium oxides] and resins (binder)). Information on
exposure was available for 45 (96%) and information on smoking habits was available
for 35 (75%) of the cases. The odds ratio for lung cancer among workers exposed to
respirable glass fibres (B fibres) was below unity (odds ratio, 0.91; 95% CI, 0.36–2.25).
For smokers, the odds ratio for lung cancer among workers exposed to respirable glass
fibres was further reduced (odds ratio, 0.78; 95% CI, 0.28–2.20). None of the other
substances to which workers at the plant were potentially exposed was associated with
an increase in lung cancer risk for this population.


In the same cohort, Watkins et al. (1997) studied 1074 white women, 130 black
women and 494 black men (with the same entrance criteria, follow-up and information
on other potential sources of exposure as used by Chiazze et al., 1997). A total of 107
white women died during the period of investigation and relatively few deaths were
attributable to any one specific cause. There were no significant excesses or deficits in
mortality by cause, including cancer, among the white women, when compared with
national mortality rates. For black men, the SMRs for all cancers combined were below
unity when calculated using either national (SMR, 0.84; 95% CI, 0.46–1.41) or local
county standards (SMR, 0.82; 95% CI, 0.45–1.38; 14 deaths). Based upon local rates,
the SMRs for lung cancer were below unity for both white women (SMR, 0.72; 95% CI,
0.20–1.85; 4 cases) and black men (SMR, 0.30; 95% CI, 0.04–1.07; 2 cases). Only four
of the black women died during the study period. 


(d ) Canadian cohort
Shannon et al. (1990) reported the results of a cohort study in Canada. The cohort


consisted of 1465 men and women who had worked for a total of at least one year at a
continuous glass filament plant in Guelph, Ontario between 1951 (when the operations
began ) and 1986. Ninety-six per cent of the potential study subjects were traced. Data
on the history of exposure to ‘dust’ were not available for the plant until 1978 and
previous dust concentrations were estimated. These estimates were made by two groups
of employees who were asked to rank dustiness for individual jobs and departments over
time on a scale from 0 (fresh air) to 5 (the dustiest conditions ever experienced). When
there was disagreement the estimates were averaged. In dust samples taken between
1979 and 1987, the time-weighted averages were between 0.02 and 0.05 fibre/cm3. The
highest value observed for any sample was 0.91 fibre/cm3. The SMRs were calculated
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based upon local (Ontario) mortality rates. The overall mortality risk was decreased for
both men (SMR, 0.76 [95% CI, 0.60–0.94]; 82 deaths) and women (SMR, 0.95 [95%
CI, 0.52–1.6]; 14 deaths), and there was also a deficit in risk for all cancers for both men
(SMR, 0.99 [95% CI, 0.64–1.5]; 25 deaths) and women (SMR, 0.67 [95% CI, 0.18–1.7];
4 deaths). A non-statistically significant increase in risk for lung cancer, based upon 11
deaths (SMR, 1.36 [95% CI, 0.68–2.4]) was reported for the total cohort. The risk for
lung cancer was not associated with increasing estimates of cumulative exposure to dust.
[The Working Group considered that the limitations of this study include small size of
the cohort and the lack of data on industrial hygiene and smoking habits.]


2.3 Rock (stone) wool and slag wool (see Table 56)


2.3.1 Cohort studies 


In their evaluation of the studies of the carcinogenicity of rock (stone) wool and
slag wool, the previous Working Group considered that there was limited evidence for
the carcinogenicity of rock (stone) wool and slag wool in humans (IARC, 1988) (see
section 2.1). The studies from the USA indicated statistically significant excess
mortality from respiratory cancer; however, there was no relationship with time since
first exposure, duration of exposure or time-weighted measurements of fibre exposure.
The European study showed an overall excess of lung cancer mortality that was not
statistically significant and an increasing risk with time since first exposure. The
highest (and statistically significant) excess of lung cancer was found after more than
20 years of follow-up in workers who had first been exposed to rock (stone) and slag
wool during the early technological phase. In addition to the studies described in the
previously evaluated papers, Boffetta et al. (1992) reported the results from a Poisson
regression analysis of the European cohort followed up for mortality until 1982–83
which showed no significant association of lung cancer with surrogates for fibre
exposure.


(a) United States University of Pittsburgh cohort
Two follow-up studies of this cohort have been published since 1988 (Marsh et al.,


1990, 1996). The 1985 follow-up used (Marsh et al., 1990) (see section 2.1 for
description of the study), data on 1846 male workers from six plants producing rock
(stone) wool and slag wool. During the follow-up period, 73 cohort members died from
respiratory cancer giving an overall SMR of 1.36 [95% CI, 1.06–1.71] when local rates
were used. The average concentration of fibres of diameter < 3 µm was 0.351 fibre/cm3.
There was no positive relationship between respiratory cancer and duration of
employment; men employed for less than 10 years had an SMR of 1.43 [95% CI, 1.01–
1.96], 38 deaths. The Poisson regression analysis showed no statistically significant
pattern of increasing risk associated with any of the indicators of exposure.
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Table 56. Studies of cancer in workers exposed to rock (stone) wool and slag wool


Reference, plants Description,
employment,
follow-up


No. of deaths,
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


US University of Pittsburgh


Cohort studies


Marsh et al.
(1990)
6 plants


1846 male workersa


employed 1945–63,
follow-up 1946–85


73 deaths from
respiratory
cancer


Time since first employment
  < 10 years
  10–19 years
  20–29 years
  ≥ 30 years


Duration of employment
  < 10 years
  10–19 years
  20–29 years
  ≥ 30 years


  2
13
24
34


38
15
11
  9


SMR
1.36 [1.06–1.71]


0.89
1.56
1.37
1.32


1.43 [1.01–1.96]
1.46
1.18
1.18


Local rates


Local rates


p
p
1
3
3
-
1
8
0
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
5
:
0
2
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Table 56 (contd)


Reference, plants Description,
employment,
follow-up


No. of deaths,
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Marsh et al.
(1996)
5 plants


1 plant


N-cohort (cohort
participating in the
new programme): 3035
male and female
workersa


employed 1945–78


O-cohort (cohort from
the original plant): 443
male workersa


employed 1945–63


Follow-up until 1989


71 deaths from
respiratory
cancer
(68 in men)


32 deaths from
respiratory
cancer


Time since first employment
N-cohort (men only)
  < 10 years
  10–19 years
  20–29 years
  ≥ 30 years
O-cohort
  < 20 years
  20–29 years
  ≥ 30 years


Duration of employment
N-cohort (men only)
  < 10 years
  10–19 years
  20–29 years
  ≥ 30 years
O-cohort
  < 10 years
  10–19 years
  ≥ 20 years


  2
13
23
30


  3
  8
21


39
15
  8
  6


15
  7
10


SMR
0.58
1.22
1.35
1.06


0.95 [0.20–2.78]
1.41 [0.61–2.78]
1.71 [1.06–2.61]


SMR
1.14
1.34
1.07
0.89


1.32
2.02
1.61


Local rates


Asbestos exposure


p
p
1
3
3
-
1
8
0
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
5
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0
2
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Table 56 (contd)


Reference, plants Description,
employment,
follow-up


No. of deaths,
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Nested case–control study


Marsh et al. (1996)
5 plants N-cohort


54 deathsa from respi-
ratory cancer (men)


54 deaths from
respiratory cancer
(men)


107 male
controls


101 male
controls


Cumulative exposure to
respirable fibres
  < 3 fibres/cm3–months
  3–14 fibres/cm3–months
  15–39 fibres/cm3–months
  ≥ 40 fibres/cm3–months


  < 3 fibres/cm3–months
  3–14 fibres/cm3–months
  15–39 fibres/cm3–months
  ≥ 40 fibres/cm3–months


Odds ratio
1.0
0.70
0.59
0.71


1.0
0.64
0.55
0.58


Unadjusted for smoking


p for linear trend = 0.76


Adjusted for smoking


p for linear trend = 0.64


1 plant O-cohort
24 deathsa from respi-
ratory cancer (men)
1970–89


18 deaths from respi-
ratory cancer


47 controls


31 controls


Duration of employment
  < 2 years
  2–4 years
  5–19 years
  ≥ 20 years


  < 2 years
  2–4 years
  5–19 years
  ≥ 20 years


Odds ratio
1.0
1.62
0.23
0.85


1.0
1.82
0.33
0.73


Unadjusted for smoking


p for linear trend = 0.21


Smokers only


p for linear trend = 0.47


USA


Nested case–control study


Wong et al. (1991)
9 plants
slag wool workers
(4 plants also in Marsh
et al., 1990, 1996)


55 men who died from
lung cancera


1970–89


98 male
controls who
had died from
other causes


Exposed/unexposed


Exposed ≥ 7 fibres/cm3–months
exposed < 7 fibres/cm3–months


50


27


Odds ratio
0.90 (0.23–3.49)
0.94 (0.23–3.78)
0.86 (0.42–1.79)
0.98 (0.47–2.04)


NIOSH exposure classification
Unadjusted for smoking
Adjusted for smoking
Unadjusted for smoking
Adjusted for smoking


p
p
1
3
3
-
1
8
0
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
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0
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Table 56 (contd)


Reference, plants Description,
employment,
follow-up


No. of deaths,
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


European study


Cohort studies


Plato et al.
(1995c)
Sweden
2 plants
(included in
Boffetta et al.,
1997)


1569 male and female
workers employeda


before 1978,
follow-up 1952–90 for
mortality


Follow-up 1958–89 for
incidence


13 deaths from
lung cancer


13 cases of lung
cancer


Duration of employment with
20-year lag:
  < 2 years
  2–9 years
  10–19 years
  ≥ 20 years
Plant-specific cumulative fibre
exposure (fibres/cm3–years):
  < 1
  1–2
  > 2


Duration of employment:
  < 2 years
  2–9 years
  10–19 years
  ≥ 20 years


1
5
1
2


7
4
2


1
7
3
2


SMR
[1.57 (0.83–2.68)]
[1.02 (0.55–1.75)]


1.10 (0.28–6.12)
2.69 (0.87–6.27)
0.87 (0.02–4.89)
1.43 (0.17–5.16)


SMR
2.01 (0.81–4.13)
2.45 (0.67–6.21)
0.62 (0.08–2.24)


SIR
0.69 (0.02–3.84)
2.12 (0.85–4.37)
1.63 (0.34–4.76)
1.61 (0.20–5.83)


Local rates
National rates


Local rates


Local rates


13 cases of
stomach cancer


SIR
1.71 (0.91–2.93)


Local rates


p
p
1
3
3
-
1
8
0
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
5
:
0
2
 
 
P
a
g
e
 
1
5
8







STU
D


IES O
F CA


N
CER IN


 H
U


M
A


N
S


159


Table 56 (contd)


Reference, plants Description,
employment,
follow-up


No. of deaths,
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Boffetta et al.
(1997)
7 plants
Denmark,
Germany, Norway
and Sweden
Mortality study


4912 male and female
workersa


employed 1933–77,
follow-up until
1990–91


97 deaths from
lung cancer


8 deaths from
oral cancer +
cancer of the
pharynx
6 deaths from
cancer of the
larynx
8 deaths from
cancer of the
oesophagus


Time since first employment
  ≤ 9 years
  10–19 years
  20–29 years
  ≥ 30 years


Duration of employment
  1–4 years
  5–9 years
  10–19 years
  ≥ 20 years


Technological phase
  Late
  Intermediate
  Early


10
26
29
32


31
21
21
24


76
12
  9


SMR
1.34 (1.08–1.63)
Relative riskb


1.0
1.3 (0.6–3.0)
1.2 (0.5–3.1)
1.4 (0.4–4.6)


1.0
1.4 (0.8–2.4)
1.0 (0.5–1.8)
1.6 (0.8–3.1)


1.0
1.0 (0.5–2.3)
1.1 (0.4–2.8)


SMR
1.33 (0.57–2.61)


1.96 (0.72–4.27)


1.25 (0.54–2.46)


National rates
Adjusted for age, calendar year,
country, technological phase
and duration of employment


p for linear trend = 0.67


Adjusted for age, calendar year,
country, technological phase
and time since first employment
p for linear trend = 0.27


Adjusted for age, calendar year,
country, duration of
employment and time since first
employment


National rates
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Reference, plants Description,
employment,
follow-up


No. of deaths,
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Consonni et al.
(1998)
Denmark,
Germany, Norway
and Sweden
7 plants


9603 male workers
employed until 1977
follow-up until
1990–91


159 deaths from
lung cancer


97 deaths from
lung cancer in
workers with
≥ 1 year of
employment


Cumulative exposure
≤ 0.007 fibre/cm3–years
0.008–0.136 fibre/cm3–years
0.137–1.367 fibre/cm3–years
> 1.368 fibres/cm3–years
≤ 0.139 fibre/cm3–years
0.140–0.729 fibre/cm3–years
0.730–2.622 fibres/cm3–years
> 2.622 fibres/cm3–years


39
40
40
40
25
24
24
24


Relative riskb


1.0
1.3 (0.8–2.4)
1.2 (0.7–2.1)
1.5 (0.7–3.0)
1.0
0.9 (0.4–2.0)
0.8 (0.3–1.9)
1.0 (0.4–2.7)


Adjusted for age, calendar
period, country, time since first
employment and employment
status
p for linear trend = 0.4


p for linear trend = 1.0


Boffetta et al.
(1999)


3685 male and female
workersa


employed 1933–77
follow-up 1994–95


73 cases of lung
cancer


31 cases of
cancer of the
oral cavity,
pharynx or
larynx


Time since first employment
  ≤ 9 years
  10–19 years
  20–29 years
  ≥ 30 years
Duration of employment
(15-year lag)
  1–4 years
  5–9 years
  10–19 years
  ≥ 20 years
Technological phase
  Late
  Intermediate
  Early


  7
21
25
20


33
11
10
  5


50
14
  9


SIR
1.08 (0.85–1.36)
Relative riskb


1.0
1.8 (0.7–4.7)
2.4 (0.9–6.8)
3.0 (0.8–10.5)


1.0
1.0 (0.5–2.1)
1.2 (0.5–2.6)
2.0 (0.7–6.2)


1.0
0.8 (0.4–1.7)
0.8 (0.3–2.0)
SIR
1.46 (0.99–2.07)


National rates
Adjusted for age, gender,
country and technological phase


p for linear trend = 0.1
Adjusted for age, gender,
country, technological phase
and time since first employment


p for linear trend = 0.4
Adjusted for age, gender,
country and time since first
employment
p for linear trend = 0.5


National rates
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Table 56 (contd)


Reference, plants Description,
employment,
follow-up


No. of deaths,
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Case–control study


Kjaerheim et al.
(2002)
7 plants


133 cases of lung
cancer; rock (stone)
wool/slag wool male
workers employed
1937–76,
follow-up 1971–96


513 male
controls


Cumulative fibre exposure in
quartiles
All workers
  quartile 1
  quartile 2
  quartile 3
  quartile 4
Workers employed > 1 year
  quartile 1
  quartile 2
  quartile 3
  quartile 4


33
32
33
34


12
  3
26
34


Odds ratio


1.0
0.86 (0.47–1.56)
0.91 (0.51–1.63)
0.51 (0.28–0.93)


1.0
2.08 (0.36–11.91)
0.85 (0.34–2.15)
0.52 (0.21–1.30)


Adjusted for age, country and
tobacco smoking


p for linear trend = 0.04


p for linear trend = 0.11


Cumulative fibre exposure, in
quartiles, lagged 15 years
All workers
  quartile 1
  quartile 2
  quartile 3
  quartile 4
Workers employed > 1 year
  quartile 1
  quartile 2
  quartile 3
  quartile 4


36
36
30
30


23
  5
18
29


1.0
1.25 (0.66–2.34)
1.02 (0.54–1.93)
0.67 (0.35–1.27)


1.0
2.00 (0.41–9.83)
0.76 (0.27–2.17)
0.63 (0.28–1.42)


p for linear trend = 0.17


p for linear trend = 0.19
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Reference, plants Description,
employment,
follow-up


No. of deaths,
cases (controls),
type of cancer


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Kjaerheim et al.
(2002) (contd)


Duration of exposure in rock
(stone)/slag wool industry
All workers
  Unexposed
  1 year
  2–6 years
  7–40 years
Workers employed > 1 year
  Unexposed
  1 year
  2–6 years
  7–40 years


  7
58
32
35


  6
  2
32
35


Odds ratio


1.0
1.24 (0.47–3.26)
0.86 (0.32–2.31)
0.85 (0.32–2.26)


1.0
0.51 (0.05–5.50)
0.60 (0.17–2.08)
0.65 (0.20–2.12)


p for linear trend = 0.23


p for linear trend = 0.63


Duration of exposure in rock
(stone)/slag wool industry,
lagged 15 years
All workers
  Unexposed
  1 year
  2–5 years
  6–39 years
Workers employed > 1 year
  Unexposed
  1 year
  2–5 years
  6–39 years


28
51
28
25


18
  4
28
25


1.0
1.57 (0.82–2.99)
1.20 (0.61–2.34)
0.97 (0.48–2.00)


1.0
1.06 (0.21–5.30)
1.01 (0.44–2.34)
0.98 (0.39–2.47)


p for linear trend = 0.15


p for linear trend = 0.96


a Employed for ≥ 1 year
b Poisson regression analysis
SMR, standardized mortality ratio; SIR, standardized incidence ratio; respiratory cancer, ICD-8, 160–163


p
p
1
3
3
-
1
8
0
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
5
:
0
2
 
 
P
a
g
e
 
1
6
2







Marsh et al. (1996) extended the follow-up period for workers employed between
1945 and 1978 to 1989. The extended cohort (N-cohort) included 2762 men and 273
women who had been employed for one year or more in production or maintenance. One
factory (plant 17) had closed and declined to participate further; this plant had evidence
of exposure to asbestos and it was therefore designated to a separate subcohort (O-
cohort). Vital status for the members of both cohorts was determined as of 31 December
1989. From the five other plants (the N-cohort), quantitative estimates of exposure to
total airborne fibres, respirable fibres, formaldehyde and silica were computed together
with qualitative estimates of potential exposure to asbestos, arsenic, asphalt, radiation
and PAHs (Marsh et al., 1993). The pattern of findings of respiratory cancer after the
extended update was generally consistent with the results of the previous follow-up.
Seventy-one workers from the five plants died from respiratory cancer. This increase
was non-significant (SMRs, 1.24 [95% CI, 0.97–1.56] and 1.17 [95% CI, 0.91–1.48],
based on US and local county comparisons rates, respectively). For the O-cohort
(plant 17), however, 32 men died from respiratory cancer, resulting in statistically
significant increases of the SMRs (SMRs, 1.91 [95% CI, 1.31–2.70] and 1.52 [95% CI,
1.04–2.15], using national and local county rates, respectively). There was no evidence
of a positive association between mortality from respiratory cancer, duration of
employment and year since first employment in the five plants (N-cohort), but in the O-
cohort a positive association was seen with time since first employment (SMRs, 0.95,
1.41 and 1.71 [95% CI, 0.20–2.78, 0.61–2.78 and 1.06–2.61, respectively] in the groups
with < 20 years, 20–29 and ≥ 30 years since first employment, respectively) (Marsh
et al., 1996). Indirect adjustments for smoking (see section 2.1) reduced the SMR for
respiratory cancer, among male workers in the six plants (N- and O-cohorts) taken
together, from a statistically significant SMR of 1.24 [95% CI, 1.0–1.51] to an SMR of
0.96 [95% CI, 0.78–1.17] based on 100 observed deaths and using local county rates
(Marsh et al., 2001b). 


Relative risk regression modelling of internal cohort rates for respiratory cancer in
the N-cohort revealed no consistent evidence of an association with any of the
exposure indices for respirable fibre considered, with or without adjustment for
potential confounding factors that included year of hire, plant and estimated co-
exposure for individual workers (Marsh et al., 1996).


A manual search of death certificates of 1011 rock (stone) and slag wool workers
from the N-cohort revealed two death certificates that mentioned the word ‘mesothe-
lioma’. A subsequent review of medical records and pathology specimens for one of
the two cases deemed this death as definitely not due to pleural cancer. In a mortality
analysis, only one of the two cases among rock (stone) and slag wool workers was
coded as a pleural cancer (ICD-9 163.9) (this mesothelioma was seen in a worker from
plant 17 where there was potential exposure to asbestos (Marsh et al., 1996; Marsh
et al., 2001c)). [The Working Group noted the limitations of death certificates for the
identification of mesothelioma diagnoses: deaths due to mesothelioma would not have
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been detected in this study if the word ‘mesothelioma’ had not appeared on the death
certificate.]


Nested case–control studies


A nested case–control study of the six rock (stone) and slag wool plants in the US
cohort identified 78 men who had died from respiratory cancer between 1970 and 1989.
Controls were matched on age and time period and were randomly selected from men
who had died during the period 1970–89. Information on smoking habits was available
for all of the 54 cases and 94% of 95 controls in the five-plant N-cohort, and for 92%
of the 24 cases and 87% of 37 controls in the asbestos-contaminated O-cohort. The
odds ratios for cumulative exposure to respirable fibres in the N-cohort showed a
decreasing trend (odds ratios, 1.00, 0.70, 0.59 and 0.71; global test p-value = 0.76) for
cumulative exposures of < 3, 3–14, 15–39 and ≥ 40 fibres/cm3–months, respectively.
After adjustment for smoking, the odds ratios were 1.0, 0.64, 0.55 and 0.58 (global test
p-value = 0.64) for the same exposure groups. Further adjustment for potential con-
founding by co-exposure revealed no evidence of an increasing trend in odds ratios for
any of the levels of exposure to respirable fibre. In the O-cohort, the odds ratios for the
categories for duration of employment (< 2, 2–4, 5–19 and ≥ 20 years) showed no evi-
dence of an increasing trend when no adjustment was made for smoking or when calcu-
lated for smokers only (Marsh et al., 1996).


A case–control study nested in a cohort of 4841 men employed for one year or more
in the rock (stone) wool and slag wool industry was reported by Wong et al. (1991).
The workers studied were employed in nine plants, four of which were also included in
the University of Pittsburgh study (Marsh et al., 1990, 1996). Most of the plants had
started producing slag wool, or using slag wool in their products, in the 1940s.
Altogether, 504 workers who had died between 1970 and 1989 were included; 61 of
whom had died from lung cancer. It was not possible to locate relatives for three of the
workers and three others were excluded because matching controls could not be found.
The final analysis included 55 cases and 98 controls who had died from other causes.
Data on exposure were obtained from two industrial hygiene surveys, one by the
National Institute for Occupational Safety and Health (NIOSH) (Fowler, 1980); and the
other by the Pittsburgh group (Esmen et al., 1979a). The estimates of exposure to
airborne fibres calculated for each case and control ranged from 0–0.25 fibres/cm3


according to the NIOSH model and from 0–0.21 fibres/cm3 according to the Pittsburgh
classification. Information on smoking habits was collected by interview. All cases had
been cigarette smokers, but only 81% of the controls had been smokers. According to
the NIOSH classification, 93% of the cases and controls had been exposed to slag wool.
The odds ratio of ever versus never exposure to slag wool, adjusted for smoking, was
0.94 (95% CI, 0.23–3.78). When data were divided into two exposure groups (< or
≥ 7 fibres/cm3–months), the odds ratio after adjustment for smoking was 0.98
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(95% CI, 0.47–2.04). [The results were not adjusted for exposure to asbestos although
four plants had used a limited amount of asbestos for a few years.]


(b) European study
Plato et al. (1995b,c) reported the results of the follow-up study from 1952–90 (for


cancer mortality) and from 1958–89 (for cancer incidence) of three Swedish plants
included in the European MMVF cohort (see Boffetta et al., 1997 and section 2.1). This
cohort comprised 1569 male and female workers employed for at least one year before
1978, in the two plants that produced rock (stone) wool and slag wool. The duration of
employment was categorized as < 2, 2–9, 10–19 or ≥ 20 years. The cumulative exposure
to fibres, specific for plant and job, was estimated for the period from 1938–90, for 1487
workers (1329 men and 158 women), contributing 34 392 person–years of observation,
in rock (stone) and slag wool plants. Exposure to fibres was classified as low, medium
or high, the cut-points used were 1.0 fibre/cm3–years and 2.0 fibres/cm3–years. Lags of
20 and 30 years were used. Both national and county rates were used in the external
comparisons to produce standardized mortality ratios and standardized incidence ratios
(SMRs and SIRs). A Poisson regression analysis with internal comparisons was also
performed. The SMR for cancer at all sites for the two rock (stone) wool and slag wool
plants combined, based on 66 deaths, was very similar when either national or regional
rates were used for comparison [SMR, 0.96; 95% CI, 0.74–1.22 using regional rates;
and SMR, 0.87; 95% CI, 0.68–1.11 using national rates]. Based on 131 cancer cases and
regional rates, the SIR for cancer at all sites for the two plants combined was [1.15 (95%
CI, 0.95–1.35)]. In contrast to the finding in the whole European cohort, the SMR for
lung cancer was higher when compared with regional than national rates [SMR, 1.57;
95% CI, 0.83–2.68; and 1.02; 95% CI, 0.55–1.75, using regional and national rates,
respectively, based on 13 deaths]. In the larger rock (stone) wool and slag wool plant,
the SMR for lung cancer was 2.40 (95% CI, 1.24–4.19), based on 12 deaths and regional
rates. No trend was seen with duration of employment when 20 years of latency and
regional rates were used. Neither the plant-specific nor the job-group-specific estimates
of exposure to fibres gave a monotonic increase in SMRs for lung cancer (the lowest
SMRs of 0.62 (95% CI, 0.08–2.24) and 0.95 (95% CI, 0.20–2.78), were found in the
groups exposed to the highest fibre concentrations using regional reference rates).
Internal comparison also revealed no monotonic increase in the relative risks with
increasing estimates of exposure. The SIR for lung cancer was 1.65 (95% CI,
0.88–2.83), based on 13 cases and regional rates. It did not increase with increasing
duration of employment. Based on 13 cases and comparison with regional rates, an
increased incidence of stomach cancer was seen (SIR, 1.71; 95% CI, 0.91–2.93).


In their extended follow-up of the European cohort (until 1990 in Denmark,
Norway and Sweden and 1991 in Germany) Boffetta et al. (1997) (see section 2.1)
included 10 108 rock (stone) wool and slag wool workers from seven plants (1 in
Denmark, 3 in Norway, 2 in Sweden (see Plato et al., 1995a,b) and 1 in Germany)
contributing 221 871 person–years. The cohort included 4912 workers employed for
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one year or more who contributed 114 228 person–years; 29% of these person–years
took place 20 years or more after the date of first employment. Three hundred and
twenty-two of the rock (stone) wool and slag wool workers were first employed during
the early technological phase of the industry (when exposure to fibres was estimated to
be high), 603 were first employed during the intermediate phase and 9183 during the
late phase (corresponding to modern technology). Copper slags were used periodically
between 1940 and 1944 in Denmark, and there was potential exposure to asbestos (for
a few workers in Denmark between 1962 and 1982, and for a large number of workers
in Germany between 1941 and 1970) (Cherrie & Dodgson, 1986). A Poisson regression
analysis of all male workers with known duration of employment showed that the SMR
for overall mortality, in rock (stone) wool and slag wool workers employed for one year
or more, was 1.04 (95% CI, 0.98–1.10; 1281 deaths), the SMR for cancer at all sites
was only slightly elevated (SMR, 1.08; 95% CI, 0.97–1.21; 325 deaths) and the SMR
for lung cancer was 1.34 (95% CI, 1.08–1.63; 97 deaths), compared with national
mortality rates. The subcohorts from Denmark and Germany accounted for 70% of all
observed deaths from lung cancer. The lung cancer mortality was highest among
workers with the longest time since first employment (p for trend, 0.19). Only small
differences in the SMRs were seen in the analysis by technological phase. Among
workers employed for one year or more, the SMRs for the early, intermediate and late
technological phases, respectively, were 1.51 (95% CI, 0.69–2.87; 9 deaths), 1.49
(95% CI, 0.77–2.60; 12 deaths) and 1.30 (95% CI, 1.02–1.63; 76 deaths) for lung
cancer. In the group first employed in the early technological phase and with 30 years
or more since first employment, the SMR for lung cancer was 1.46 (95% CI, 0.59–3.02;
7 deaths). Using the Poisson regression analysis the relative risks for lung cancer with
increasing time since first employment (adjusted for duration of employment,
technological phase, age, calendar year and country) were 1.3 (95% CI, 0.6–3.0), 1.2
(95% CI, 0.5–3.1) and 1.4 (95% CI, 0.4–4.6; p for linear trend, 0.67) (10–19, 20–29 and
≥ 30 years since first employment). After adjustment for time since first employment
and duration of employment, no differences in relative risk according to technological
phase were seen (relative risk, 1.0 (95% CI, 0.5–2.3) and 1.1 (95% CI, 0.4–2.8), using
the late technological phase as the reference). Workers employed for 20 years or more
had a relative risk for lung cancer of 1.6 (95% CI, 0.8–3.1; 24 deaths), but the trend
with increasing duration of employment was not monotonic (p-value for trend, 0.27).


In this cohort, four deaths from mesothelioma were recorded (two among workers
with < 1 year of employment and two in the factory from Germany [expected numbers
of deaths were not given]). Statistically non-significant elevations were found for oral
and pharyngeal cancer (SMR, 1.33; 95% CI, 0.57–2.61; 8 deaths); laryngeal cancer
(SMR, 1.96; 95% CI, 0.72–4.27; 6 deaths) and oesophageal cancer (SMR, 1.25;
95% CI, 0.54–2.46; 8 deaths) (Boffetta et al., 1997). No associations with time since
first employment or duration of employment were seen for these cancer sites. 


Consonni et al. (1998) analysed mortality from lung cancer by estimated fibre
exposure in the cohort described by Boffetta et al. (1997). Individual cumulative expo-
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sure to fibres (fibres/cm3–years) and lifetime maximum annual exposure (fibres/cm3)
were calculated, for year-specific estimates of exposure based on measurements of the
concentrations of respirable fibres made in six of the seven plants during 1977–80, in
combination with reconstruction of historical work processes, theoretical considerations
and results obtained from simulation experiments on fibre emissions (Krantz et al.,
1991). These data were used to assign numerical coefficients to the factors that had been
identified as exposure determinants (addition of oil as a dust-suppressing agent,
production rate, presence of ventilation system and degree of manual handling). These
numerical coefficients were tabulated over the years and combined in a multiplicative
way with the current fibre concentrations to obtain estimates of past concentrations of
fibres for every plant and year of production. These estimates were combined in turn
with individual work histories to provide an individual exposure assessment for each
year of employment, from which the estimates of the cumulative and maximum
exposure were derived. A 15-year lag was applied to the cumulative exposure variable
and, in alternative models, a clearance with a half-life of five years and two years,
respectively, was taken into account. The overall mean concentration of respirable fibres
was measured as 0.06 fibre/cm3. There was a very high correlation between the esti-
mates of cumulative exposure to fibres and duration of employment (r = 0.92), and an
even higher correlation when lung clearance was taken into account (r > 0.99). Poisson
regression models were adjusted for employment status, time since first employment
(< 10, 10–19, 20–29, ≥ 30 years), country, age and calendar year (in quinquennia). The
analysis was based on 159 deaths from lung cancer (97 in workers with ≥ 1 year of
employment). The relative risk for lung cancer was independent of employment status,
but increased with increasing time since first employment. [The Working Group noted
that relative risks for time since first employment were not given.] No trend in risk for
lung cancer was seen with cumulative exposure among workers employed for one year
or more. In the analysis that included all workers, a non-significant trend in the relative
risks was found. No trend was found associated with maximum annual exposure. The
incorporation of pulmonary clearance rates did not change these results.


In the countries with national cancer registries, follow-up for cancer incidence was
extended until 1994 (in Denmark) and 1995 (in Norway and Sweden) (Boffetta et al.,
1999). The cohort included 3685 male and female workers employed in plants that
produced rock (stone) wool and slag wool for one year or more, contributing 92 562
person–years; 32.5% of the person–years took place 20 years or more after the date of
first employment. Completeness of follow-up ranged from 89.8% to 98.3% in the
different plants. National cancer rates were used in the SIR analyses and when
production started before these rates had become available, the rates were linearly
extrapolated back to the date of first production. Internal comparison with Poisson
regression was also performed. No elevation in risk for cancer at all sites was found in
the rock (stone) wool or slag wool workers (SIR, 0.97; 95% CI, 0.88–1.06; 468 cases).
The SIR for lung cancer was 1.08 (95% CI, 0.85–1.36; 73 cases). The analysis of risk
by time since first employment showed a non-significant trend. No association between
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risk and duration of employment or technological phase was found. The overall SIR for
cancer of the oral cavity, pharynx and larynx was 1.46 (95% CI, 0.99–2.07; 31 cases)
for the six plants; at one plant in Norway the SIR was 2.72 (95% CI, 1.09–5.61;
7 cases). There was no clear relationship with time since first employment. [The
Working Group noted that no similar increase was seen in other rock (stone) wool or
slag wool plants and that 14 of the 31 cancers observed in the whole cohort were lip
cancers.]


A case–control study nested in this cohort (Kjaerheim et al., 2002) included 133 of
196 cases of lung cancer in men (134 cases identified in the mortality study, 45 from the
incidence study and 17 identified from the extended follow-up in Denmark) that
occurred between 1971 and 1996 (in Denmark), 1995 (in Norway and Sweden) and
1991 (in Germany, deaths only). Two control groups (group 1, incidence density-
sampled controls; group 2, matched to cases by year of death) were combined in the
main analyses, and comprised 513 controls matched by age and plant. Information on
residential and general occupational history and on tobacco smoking habits came from
personal interviews with the patients and controls or their next of kin. The response rate
was 67.9% for cases. The proportion of interviews performed out of the controls
contacted was 59.2% out of the number of possible respondents contacted. Exposure
assessments within the industries were based on information obtained from panels of
experts and outside the industry on the basis of self-reported life-time occupational
histories (Cherrie et al., 1996; Cherrie & Schneider, 1999). Variables indicating ever
exposure, ever high exposure, duration of exposure and cumulative exposure were
calculated for seven agents within the rock (stone) wool and slag wool industry. Similar
variables, excluding cumulative exposure, were calculated for six sources of co-expo-
sure occurring both within and outside the industry and for a further 12 sources of expo-
sure that were found only outside the industry. All conditional logistic regression models
included adjustment for age group and plant; additional adjustments were made for
tobacco smoking and potential occupational confounders to which a significant number
of workers were exposed (i.e. asbestos, polycyclic aromatic hydrocarbons and silica). No
association was found between exposure to rock (stone) or slag wool fibres and risk for
lung cancer for cumulative exposure to fibres of rock (stone) or slag wool assessed with
a 15-year lag; the smoking-adjusted odds ratios in the second to fourth quartile of expo-
sure were 1.25 (95% CI, 0.66–2.34), 1.02 (95% CI, 0.54–1.93) and 0.67 (95% CI,
0.35–1.27). Similar results were obtained when only workers employed for more than
one year were included, with other indicators (e.g. duration of exposure) of exposure to
fibres of rock (stone) wool or slag wool, and after adjustment for co-exposure. [Only
four of the 11 workers (Boffetta et al., 1997) who died from lung cancer and were first
employed during the early technological phase (among whom the SMR for lung cancer
was particularly elevated) were included in the case–control study.] The 1985 age-
adjusted prevalence of current smokers among controls was 20% greater than in the
general population.
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2.4 Refractory ceramic fibres (see Table 57)


2.4.1 Cohort study


A cohort study of workers at two plants in the USA that produced refractory
ceramic fibres included 927 male workers employed for one year or more between
1952 and 1997. The mortality data were presented in a conference abstract (Lemasters
et al., 2001) and in a paper addressing risk analysis (Walker et al., 2002). The
estimated exposure ranged from 10 fibres/cm3 (8-h TWA) in the 1950s to < 1
fibre/cm3 in the 1990s. No significant increase in cancer mortality was reported. [The
Working Group noted that neither the observed nor the expected numbers of cancers
other than lung cancer were given.] Six deaths from lung cancer were observed versus
9.35 expected, SMR, 0.64 (95% CI [0.24]–1.27). No cases of mesothelioma were
observed. [The Working Group noted that the details of cohort definition and period
of follow up were not clear, and there was no analysis of risk in relation to time since
first exposure or exposure surrogates. The small number of study subjects, especially
those with adequate latency, limits the informativeness of the study.]


2.4.2 Case–control study


A case–control study including 45 men with lung cancer and 122 controls was
nested within a cohort of 2933 white men employed in a plant manufacturing
continuous glass filament (described in detail in section 2.2) (Chiazze et al., 1997).
Exposure to respirable glass fibres, asbestos, refractory ceramic fibres (used at the plant
for high-temperature heat insulation, but not manufactured there), and a number of
other sources of exposure was assessed by a procedure of reconstruction of historical
exposure conditions. The risk of lung cancer was lower in workers exposed to a
cumulative dose of refractory ceramic fibres of 0.01–1 fibre/cm3–days (odds ratio, 0.36
(95% CI, 0.04–3.64); 1 case), and those exposed to 1–40 fibres/cm3–days (odds ratio,
0.30 (95% CI, 0.11–0.77); 7 cases), than in workers not exposed to fibres. The odds
ratios were not adjusted for exposure in the workplace to other fibres or for tobacco
smoking, but the trends in odds ratios were similar when the analysis was restricted to
smokers. [The Working Group noted that exposure to refractory ceramic fibres may
have been difficult to separate from other sources of exposure in the workplace in view
of the small number of cases and the large number of sources of exposure.]


2.5 MMVF (not otherwise specified) (see Table 58)


A number of epidemiological studies in MMVF user industries and in the general
population have provided information on cancer risk following exposure to MMVFs,
but the ability of these studies to distinguish between exposure to the different types
of MMVF was limited.
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Table 57. Studies of lung cancer in workers exposed to refractory ceramic fibres


Reference Description,
employment,
follow-up


Type of cancer,
no. of deaths/
cases (controls)


Exposure categories No. of
cases


Relative risks
(95% CI)


USA studies


Cohort study


Lemasters et al. (2001);
Walker et al. (2002)


927 male workersa


employed 1952–97
6 deaths from lung
cancer


0.64 ([0.24]–1.27)


Case–control study


Chiazze et al. (1997)
Co-exposure in continuous
glass filament plant


45 men with lung
cancera


122 controls
(white men)


Cumulative exposure
< 0.01fibre/cm3–days
0.01–0.999 fibre/cm3–days
1.0–39.24 fibres/cm3–days


37
  1
  7


1
0.36 (0.04–3.64)
0.30 (0.11–0.77)


a Employed for ≥ 1 year
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1
3
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1
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Table 58. Studies of cancer in workers exposed to MMVF (fibre type not otherwise specified)


Reference, study
population


Description,
employment,
follow-up


Type of cancer,
no. of deaths/
cases (controls)


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Cohort study


Gustavsson et  al.
(1992)
Sweden
Exposure to MMVFs
11 factories


1465 men employeda


before 1972,
follow-up 1969–88
(mortality)


14 deaths from
lung cancer


Time since first exposure
  < 10 years
  10–19 years
  ≥ 20 years
Exposure to fibres during 8-h
shift by occupational group
  < 0.02 fibre/cm3–years
  0.02–0.08 fibre/cm3–years
  0.05–0.13 fibre/cm3–years
  0.05–0.17 fibre/cm3–yearsb


  1
  4
  9


  9
  1
  1
  2


SMR
0.59 [0.02–3.28]
0.70 [0.19–1.79]
0.75 [0.34–1.42]


0.78 [0.35–1.49]
0.58 [0.02–3.28]
0.33 [0.01–1.86]
0.85 [0.10–3.01]


Information on smoking
habits was obtained for 73%
of workers in 8 of 13
factories
1 lung cancer death with
exposure level unknown


22 deaths from
stomach cancer


Time since first exposure
  < 10 years
  10–19 years
  ≥ 20 years


  3
  7
10


2.52
1.90
1.24


Duration of employment
  < 10 years
  10–19 years
  ≥ 20 years


11
  3
  6


2.16
0.98
1.25


Nested case–control study


Martin et al. (2000)
France
Incidence


310 cases of lung
cancer,
1978–89


1225 controls 33 cases exposed to MMVFs
Odds ratio
0.73 (0.32–1.70) Adjusted for socioeconomic


status and exposure to
asbestos


p
p
1
3
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-
1
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0
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Table 58 (contd)


Reference, study
population


Description,
employment,
follow-up


Type of cancer,
no. of deaths/
cases (controls)


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Case–control studies


Lung cancer


Kjuus et al. (1986)
Norway
Incidence


176 cases of lung
cancer,
1979–83


176 controls Rock (stone) wool/glass fibre   13
Odds ratio
1.0 (0.4–2.5)


Adjusted for smoking


Siemiatycki (1991)
Canada
Population-based
case–control study
Incidence


857 cases of lung
cancer,
1979–85


1360 cancer
controls,
533 population
controls


> 5 years of exposure
glass wool
rock (stone) wool and slag wool


  11
  10


Odds ratio
1.2 (0.5–2.5)
1.2 (0.5–2.7)


90% CI, adjusted for age,
smoking, other demographic
factors and occupational
exposure


Brüske-Hohlfeld et al.
(2000); Pohlabeln
et al. (2000)
Germany
Incidence


3498 men with lung
cancer, workers in
several types of
industry
1988–96


3541 controls Ever versus never exposed to
MMVF (rock (stone) wool/slag
wool and glass wool)
Duration of exposure
  0–3 years
  3–10 years
  10–20 years
  20–30 years
  ≥ 30 years


304


  51
  69
  76
  61
  47


1.48 (1.17–1.88)


1.68 (0.98–2.88)
1.38 (0.86–2.20)
1.17 (0.77–1.77)
1.69 (1.01–2.81)
2.03 (1.04–3.95)


Adjusted for smoking and
exposure to asbestos


Ever exposed to MMVF and
never exposed to asbestos
Cumulative exposure to  MMVF
(fibre·year)
  0.1–0.4
  > 0.4


  30
  29


1.41 (0.73–2.72)
1.20 (0.63–2.30)


Adjusted for smoking


p
p
1
3
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1
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0
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
5
:
0
2
 
 
P
a
g
e
 
1
7
2







STU
D


IES O
F CA


N
CER IN


 H
U


M
A


N
S


173


Table 58 (contd)


Reference, study
population


Description,
employment,
follow-up


Type of cancer,
no. of deaths/
cases (controls)


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Mesothelioma


Rödelsperger et al.
(2001)
Germany


125 men with
mesothelioma
1988–91


125 male
controls


Ever exposed to MMVFs
Geometric mean (fibres–year)
  ≤ 0.015
  > 0.015–0.15
  > 0.15–1.5
  > 1.5
Exposed to MMVFs without
asbestos


  55


  10
  11
  20
  14
    2


3.08 (1.17–8.07)


0.78 (0.16–3.77)
3.11 (0.56–17.2)
7.95 (0.88–72.3)
5.43 (0.72–41.0)
15.1 (1.05–218)


Adjusted for exposure to
asbestos


Matched for age and region
of residence


Larynx, hypopharynx


Marchand et al.
(2000)
France
Incidence


201 men with hypo-
pharyngeal cancer
296 men with
laryngeal cancer
1989–91


295 controls Ever exposed
Rock (stone) wool/slag wool
Larynx cancer
Epilarynx cancer
Hypopharynx cancer


Continuous glass filaments
Larynx cancer
Hypopharynx cancer


Refractory ceramic fibres
Larynx cancer
Hypopharynx cancer


Microfibres
Larynx cancer
Hypopharynx cancer


130
  51
  99


    8
    8


  16
    7


  16
    7


1.23 (0.79–1.91)
1.61 (0.85–3.04)
1.51 (0.90–2.52)


0.44 (0.15–1.31)
0.91 (0.30–2.76)


1.28 (0.51–3.22)
0.78 (0.26–2.38)


1.28 (0.51–3.22)
0.78 (0.26–2.38)


Odds ratios adjusted for
exposure to asbestos, age,
smoking and alcohol habits


Adjusted for age, smoking
and alcohol habits


p
p
1
3
3
-
1
8
0
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Table 58 (contd)


Reference, study
population


Description,
employment,
follow-up


Type of cancer,
no. of deaths/
cases (controls)


Exposure categories No. of
cases


Relative risks
(95% CI)


Comments


Colon


Goldberg et al. (2001)
Canada
Incidence
(same study
population as
Siemiatycki, 1991)


497 men with colon
cancer
1979–85


1514 cancer
controls
533 population
controls


> 5 years of exposure
Rock (stone) wool/slag wool
Glass fibres


8
6


1.9 (0.8–4.6)
1.9 (0.7–5.4)


Adjusted for age, smoking,
occupational and non-
occupational exposure


Registry-based studies


Breast, ovary


Weiderpass et al.
(1999)
Finland
Incidence


23 638 women with
breast cancer
1971–95


MMVF
Postmenopausal women
Medium-to-high exposure
Low exposure


SIR


1.32 (1.05–1.66)
1.01 (0.90–1.12)


Adjusted for birth cohort,
follow-up period,
socioeconomic status, mean
no. of children, mean age at
delivery of first child and
turnover rate for each job
title


Vasama-Neuvonen
et al. (1999)
Finland
Incidence


5072 women with
ovarian cancer
1971–95


MMVF 1.3 (0.9–1.8)


SMR, standardized mortality ratio; SIR, standardized incidence ratio
a Employed for > 1 year
b For this exposure category, the highest exposure that occurred in 1975–80 was estimated as 0.20–0.25 fibre cm3–years.
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2.5.1 Cohort studies


Gustavsson et al. (1992) studied a cohort of 2807 male workers in Sweden
(employed for at least 1 year before 1972) in 11 factories that produced prefabricated
wooden houses. A total of 1465 of the workers had been exposed to MMVFs. The
workers were assigned to one of four exposure categories: category 0, no exposure;
category 1, background level (truck drivers, repairmen, transportation workers); cate-
gory 2, full-time employment in locations where MMVF was handled, but without
direct handling of MMVF (e.g. wood cutters); category 3, direct handling of MMVF
during most of the working day (e.g. insulators). Current exposure to MMVF was
measured and past exposure was estimated. Exposure varied from 0.02–0.25 fibre/cm3


per 8-h shift. The follow-up period was from 1969 to 1988 for mortality and from 1969
to 1985 for incidence and was more than 99% complete. A deficit in mortality for lung
cancer (SMR, 0.68; 95% CI, 0.37–1.13; 14 deaths) and incidence (SIR, 0.47; 95% CI,
0.24–0.85; 11 cases) was reported. An analysis of mortality from stomach cancer
showed an excess (SMR, 1.59; 95% CI, 1.00–2.41; 22 deaths), based on local rates. An
analysis of stomach cancer incidence based on national rates was concordant (SIR,
1.78; 95% CI, 1.15–2.63; 25 cases). Analysis by duration of employment showed that
this excess of mortality from stomach cancer was seen mainly among workers who had
been employed for less than 10 years. 


A study on a cohort of 135 037 male construction workers in Sweden reported in
1987 and evaluated by the previous Working Group (IARC, 1988) has not been
updated (Engholm et al., 1987). In a nested case–control study, the relationship
between lung cancer in 424 workers and their exposure to MMVFs and to asbestos was
examined. After adjustment for smoking habits and population density in the area of
residence, an odds ratio of 1.21 (95% CI, 0.60–2.47) was reported for exposure to
MMVFs (adjusted for exposure to asbestos). Twenty-three cases of pleural cancer were
observed among the cohort [SIR, 2.13; 95% CI, 1.35–3.20]. [The Working Group noted
that misclassification of exposure to asbestos and the difficulty in differentiating
exposure to asbestos from exposure to MMVFs may have resulted in residual
confounding.]


Nested case–control studies


In a study of workers in French national electricity and gas companies, 310 workers
with lung cancer and 1225 controls were included in a nested case–control study during
1978–89. Thirty-three of the cases were exposed to MMVF as opposed to eight of the
controls. The odds ratio after adjustment for socioeconomic status and exposure to
asbestos was 0.73 (95% CI, 0.32–1.70) (Martin et al., 2000).
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2.5.2 Population-based case–control studies


Population-based case–control studies can be used to investigate exposure to
MMVF in various circumstances. However, assessment of exposure in such studies is
usually less valid and precise than in industry-based cohort studies.


(a) Lung cancer
Kjuus et al. (1986) conducted a case–control study of lung cancer (176 incident


cases in men and 176 controls selected from one county in Norway) during 1979–83
and its association with occupational exposure and smoking habits. No association
was seen between lung cancer and exposure to MMVF (rock (stone) wool or glass
fibre) (odds ratio, 1.0; 95% CI, 0.4–2.5; 13 cases) after adjustment for smoking.


Siemiatycki (1991) conducted a population-based case–control study among male
residents of Montreal, Canada, to explore associations between hundreds of occupa-
tional circumstances and cancer at several sites which had been diagnosed between 1979
and 1985. The study included interviews with 3730 patients with cancer at 11 major sites
(response rate, 82%), including 857 patients with a pathologically confirmed diagnosis
of lung cancer (response rate, 79.2%) from 19 hospitals in Montreal. Two sets of controls
were selected: 1360 cancer controls (excluding patients with cancers at several sites that
were anatomically contiguous), and 553 out of 740 potential population controls
(response rate, 72%). Detailed job histories and information on relevant potential
confounding variables were obtained during the interviews. The job histories were
converted by a team of chemists and industrial hygienists into a history of occupational
exposure. After adjustment for age, smoking, demographic factors and occupational
exposure, the odds ratio compared with both control groups combined, for the group
with substantial exposure to MMVF (i.e. > 5 years at medium or high frequency), for
exposure to glass wool was 1.2 (90% CI, 0.5–2.5; 11 cases). The odds ratio for exposure
to rock (stone) and slag wool was 1.2 (90% CI, 0.5–2.7; 10 cases).


Two population-based case–control studies were conducted at the Bremen Institute
for Prevention Research and Social Medicine and the National Research Centre for
Environmental Health in Germany during 1988 and 1996. Pooled analyses of exposure
to fibres (mainly outside the MMVF production industry) were reported (Brüske-
Hohlfeld et al., 2000; Pohlabeln et al., 2000). The final analysis included 3498 cases of
lung cancer in men and 3541 controls. The response rates for cases were 69% and 77%
and those for controls were 68% and 41%, for the Bremen Institute for Prevention
Research and Social Medicine (1988–1993) and the National Research Centre for
Environmental Health (1990–1996) studies, respectively. Both studies included patho-
logically confirmed cases of incident primary lung cancer. Information on smoking
habits was obtained by standardized interview. Industries and job titles were grouped
according to 21 industry codes and 33 job categories, respectively. The assessment of
exposure was based on self-reported occupational histories obtained from personal
interviews using a standardized questionnaire and two supplementary questionnaires to
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address exposure to MMVF. This information was used by two industrial hygiene
experts to estimate cumulative exposure to MMVFs for a subset of the study group. A
total of 304 cases and 170 controls were classified as ever exposed to MMVFs. The odds
ratio after adjustment for smoking and exposure to asbestos was 1.48 (95% CI,
1.17–1.88) and a twofold risk was calculated for those who had been exposed for more
than 30 years (odds ratio, 2.03; 95% CI, 1.04–3.95). The odds ratio for ever versus never
self-reported exposure to MMVFs was 1.30 (95% CI, 0.82–2.07), after adjustment for
smoking, in a subset of subjects who reported no exposure to asbestos (59 cases and 39
controls). No clear trend of increasing lung cancer risk with increasing cumulative
exposure to MMVF was observed in this subset after adjusment for smoking. [The
Working Group noted that the response rate of controls in the National Research Centre
for Environmental Health study was low. The numbers of cases and controls reported in
the two publications were inconsistent.]


(b) Mesothelioma 
In a study designed to evaluate the association between occupational factors and


mesothelioma, Rödelsperger et al. (2001) selected 137 German men with pathologically
confirmed malignant mesothelioma recruited between 1988 and 1991 from clinics in
Hamburg, Germany. Cases were matched on region of residence, sex, and year of birth
(within 5 years) to controls selected randomly from population registries. The study
team interviewed 125 patients almost all of whom were undergoing treatment at one of
two specialized hospitals in Hamburg, and who were willing to grant a personal
interview. The 125 controls were interviewed by trained interviewers using a similar
protocol. [The Working Group noted that the response rates appear to have been higher
for the cases (91%) than the matched controls (63%), but the basis for calculation of
these participation rates was not provided.] The mean duration of lifetime employment
was 42 years for cases and 43 years for controls. The self-reported job histories obtained
from both cases and controls were used to estimate exposure to MMVFs and asbestos
and to classify individuals as either exposed or not exposed to these fibres. The
investigators did not differentiate between the types of MMVF to which the men were
exposed. A statistically significant increase in risk for mesothelioma (odds ratio, 3.08;
95% CI, 1.17–8.07; 55 cases) was reported for individuals classified as ever exposed to
MMVF (versus never exposed) and adjusted for exposure to asbestos. In addition, the
odds ratios for MMVF exposure, adjusted for level of asbestos exposure, defined as
geometric mean × 5 (fibre–year) showed an increased risk with increasing level of
exposure to MMVFs. Of the 125 cases and 125 controls, the investigators estimated that
only two cases and two controls were exposed to MMVFs alone (i.e. in the absence of
exposure to asbestos) (odds ratio, 15.1; 95% CI, 1.05–218) compared with nine cases
and 65 controls who reported no exposure to either asbestos or MMVFs. 


[The Working Group noted the likely misclassification of exposure due to
information bias and errors in exposure assessment in these analyses leading to
possible imprecision in the adjustment for exposure to asbestos when examining an
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independent effect of MMVFs, and the potential imprecision in the risk estimates
resulting from the small number of cases exposed to MMVFs only. Concerns about the
catchment areas for cases and controls were also expressed.] 


(c) Cancer at sites other than the lung and pleura
Marchand et al. (2000) studied hospital-based cases and controls in France to assess


the relation between laryngeal and hypopharyngeal cancer and exposure to asbestos and
MMVFs. The study subjects included 296 men with incident cancers of the larynx and
201 with incident cancers of the hypopharynx out of 664 patients newly diagnosed with
squamous-cell carcinoma between 1989 and 1991. The 295 controls had been diagnosed
with a non-respiratory cancer. A detailed job history and information on smoking and
alcohol consumption were recorded. A job–exposure matrix was used to estimate
exposure to asbestos and to four groups of MMVF (rock (stone) wool/slag wool/glass
wool, refractory ceramic fibres, continuous glass filament and microfibres). In the group
ever exposed to rock (stone) wool/slag wool and glass wool, the odds ratio for laryngeal
cancer, after adjustment for smoking and alcohol consumption, was 1.33 (95% CI,
0.91–1.95; 130 cases) and the odds ratio for hypopharyngeal cancer was 1.55 (95% CI,
0.99–2.41; 99 cases). When the odds ratios were adjusted for exposure to asbestos, the
highest odds ratio for rock (stone) wool and slag wool was for cancer of the epilarynx
(odds ratio, 1.61; 95% CI, 0.85–3.04). For continuous glass filament, the odds ratios
were 0.44 (95% CI, 0.15–1.31; 8 cases) for laryngeal cancer and 0.91 (95% CI,
0.30–2.76; 8 cases) for hypopharyngeal cancer. The odds ratios for exposure to
refractory ceramic fibres were 1.28 (95% CI, 0.51–3.22; 16 cases) for laryngeal cancer
and 0.78 (95% CI, 0.26–2.38; 7 cases) for hypopharyngeal cancer.


In the same study population as described for the Canadian case–control study of
lung cancer by Siemiatycki (1991), Goldberg et al. (2001) investigated the association
between exposure to MMVFs and colon cancer. The study included 497 male patients
with a pathologically confirmed diagnosis of colon cancer, 1514 controls with cancers
at other sites (excluding several sites including the lung and peritoneum) and 533
population-based controls, frequency matched on age during 1979–85. There was a
non-significant increase in the risk for colon cancer (odds ratio, 1.9; 95% CI, 0.8–4.6;
8 cases), adjusted for age, smoking, demographic factors and occupational exposure
and compared with both control groups combined, for the group with substantial
exposure (i.e. > 5 years at medium or high levels) to rock (stone) wool or slag wool.
For the same group, a non-significant increase in the risk of colon cancer was reported
(odds ratio, 1.9; 95% CI, 0.7–5.4; 6 cases). 


2.5.3 Registry-based studies 


Weiderpass et al. (1999) and Vasama-Neuvonen et al. (1999) reported results from
a study that linked incidence of breast cancer (23 638 cases) (Weiderpass et al., 1999)
and ovarian cancer (5072 cases) (Vasama-Neuvonen et al., 1999) with 324 job titles
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from the 1970 census (for 892 591 Finnish women) during 1971–95. The job titles were
classified with respect to 33 agents by means of a measurement-based, period-specific,
national job–exposure matrix. The data were analysed by fitting Poisson regression
models and adjusted for birth cohort, follow-up period, socioeconomic status, mean
number of children, mean age at delivery of first child and turnover rate for each job
title. For postmenopausal breast cancer, Weiderpass et al. (1999) reported an SIR of
1.32 (95% CI, 1.05–1.66) for medium to high levels of exposure to MMVFs. Vasama-
Neuvonen et al. (1999) reported an elevated risk for ovarian cancer for women exposed
to MMVFs (SIR, 1.3; 95% CI, 0.9–1.8). [The Working Group noted that the usefulness
of the results was limited by potential misclassification of exposure and that the
job–exposure matrix was not gender-specific and may not have reflected the relevant
routes of exposure for the cancers under study.]
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3. Studies of Cancer in Experimental Animals


3.1 Continuous glass filament


3.1.1 Intraperitoneal injection (see Table 59)


Rat: Groups of 28–50 female Wistar rats, 12–15 weeks old, were treated with one of
three test fibres (ES3, ES5 or ES7) [chemical composition presumed to be E-glass]
derived from continuous filaments and administered as a single (10 mg) or two weekly
(2 × 20 mg) intraperitoneal injections in 2 mL saline or by intraperitoneal laparotomy
(50-mg and 250-mg doses). The median dimensions and doses of the glass filament test
fibres were as follows: ES3, 16.5 µm × 3.7 µm, 50 and 250 mg/rat; ES5, 39 µm ×
5.5 µm, 10, 40 and 250 mg/rat; ES7, 46 µm × 7.4 µm, 40 mg/rat. Groups of control
animals were similarly treated with saline only, ground glass (40, 50 or 250 mg) or
UICC/A chrysotile asbestos (6 or 25 mg). Animals were observed for life. Median
survival times were 111, 107, 121 and 119 weeks for the groups given 10 mg ES5, 40 mg
ES5, 40 mg ES7 and 40 mg ground glass, respectively. The corresponding mean survival
times of animals with tumours were 106, 119, 126 and 129 weeks, respectively. No
statistically significant increase in the incidence of abdominal tumours was observed in
the groups treated intraperitoneally with ES3, ES5 or ES7 compared with controls
treated with saline or ground glass. The tumour incidences were (from low to high dose):
for ES3, 6% and 9%; for ES5, 4%, 11% and 7%; for ES7, 2%; for ground glass, 4–8%;
for saline, 4–6%; and for chrysotile, 77–81% (Pott et al., 1987). [The Working Group
noted that administration by laparotomy shortened the survival times and that the
number of fibres injected was much smaller in these studies (as these fibres were
relatively coarse (i.e. > 3 µm in diameter)) than in studies on glass wool carried out in
the same laboratory.] 


3.2 Glass wool 


3.2.1 Inhalation exposure (see Table 60)


(a) Rat
Groups of 46 young adult male Sprague-Dawley rats [age at outset not stated] were


exposed by whole-body inhalation to ball-milled glass fibre [chemical composition not


–181–
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given] (700 fibres > 5 µm/cm3; 24% with diameters < 3 µm) or to amosite asbestos
(3100 fibres > 5 µm/cm3; 38% with diameters < 3 µm) for 5 h per day on five days per
week for three months followed by observation for 21 months. [The aerosol
concentrations estimated as WHO fibres/cm3 were approximately 168 for glass fibre and
1178 for amosite.] A group of 46 untreated rats served as negative controls. Four to 10
rats per exposure group were killed at 20 and 50 days; 3, 6, 12 and 18 months; and the
remainder at 24 months. No pulmonary tumours were observed in any of the rats that
died or were killed prior to 24 months. The incidences of tumours observed in rats killed
at 24 months were not significantly above the level typical for this species: glass fibre,
2/11 (adenomas); amosite asbestos, 3/11 (two adenomas and one carcinoma); controls,
0/13 (Lee et al., 1981). [The Working Group noted the short period of exposure and the
small number of animals involved. No fibres tested were longer than 10 µm and the
study was therefore inconclusive.]


Groups of 24 male and 24 female Wistar IOPS AF/Han rats, 8–9 weeks of age, were
exposed by whole-body inhalation to dust at concentrations of 5 mg/m3 (respirable
particles) from French (Saint Gobain) glass fibre [type and composition not stated] (42%
of fibres < 10 µm in length, 69% < 1 µm in diameter; 48 WHO fibres/cm3) or a Canadian
chrysotile fibre (6% respirable fibres > 5 µm in length; 5901 WHO fibres/cm3) for 5 h
per day on five days per week for 12 or 24 months. An unspecified number of rats were
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Table 59. Study of carcinogenicity of glass filaments administered by intra-
peritoneal injection in female Wistar rats


Fibre type Median
diameter
(µm)


Median
length
(µm)


Mass
(mg)


No. of
tumours


No. of
rats


Percentage
of tumours


Age in
weeks


E-glass, continuous
filament (ES3)


3.7
3.7


16.5
16.5


  50
250


  3
  4


48
46


  6
  9


15


E-glass, continuous
filament (ES5)


5.5
5.5
5.5


39
39
39


  10
  40
250


  2
  5
  2


50
46
28


  4
11
  7


12


E-glass, continuous
filament (ES7)


7.4 46   40   1 47   2


Saline (control)     1 mL
    4 mL


  2
  2


32
45


  6
  4


  5
15


Ground glass
(control)


  40
  50
250


  2
  4
  4


45
48
48


  4
  8
  8


12
15


Chrysotile (positive
control)


0.15
0.15


  9
  9


    6
  25


26
25


34
31


77
81


12


From Pott et al. (1987)
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Table 60. Chronic inhalation studies of insulation glass wools and special-purpose glass fibres in rodents (rats and hamsters)


Test
substance


Aerosol fibres (numbers and
dimensions)


Positive control Test system (no. at
risk); observation
time


Exposure Lung dose No. of thoracic
tumours/no. of
animals


Comments (positive
control tumour
incidence)


Reference


Insulation glass wools


Rat


Glass fibre ∼168 WHO f/cm3 Amosite,
~1178 WHO
f/cm3


Sprague-Dawley
rats, male; 24 mo


Whole-body,
5 h/d,
5 d/wk, for
3 mo


2/11
(adenomas)


Short exposure period,
small number (11) of
animals at risk (amosite:
3/12 tumours)


Lee et al.
(1981)


Glass fibre
  + resin


240 WHO f/cm3


(10 f L > 20 µm, 10 mg/m3


respirable dust; D, 52%
< 1 µm; L, 72% 5–20 µm


Chrysotile,
10 mg/m3,
3800 WHO f/cm3


56 (48) SPF
Fischer rats, male
and female;
24 mo; lifetime


Whole-body,
7 h/d,
5 d/wk, for
12 mo


mg f/lung:
1.9 at 12 mo
0.5 at 21 mo


1/48 (adeno-
carcinoma);
fibrosis, 0


Type of glass fibre not
specified (chrysotile:
12/48 tumours; fibrosis)


Wagner et al.
(1984)


Glass fibre
  – resin


323 WHO f/cm3


(19 f L > 20 µm, 10 mg/m3


respirable dust; D, 47%
< 1 µm; L, 58% 5–20 µm


Chrysotile,
10 mg/m3,
3800 WHO f/cm3


56 (47) SPF
Fischer rats, male
and female;
24 mo; lifetime


Whole-body,
7 h/d,
5 d/wk, for
12 mo


mg f/lung:
0.9 at 12 mo
0.2 at 21 mo


1/47
(adenoma);
fibrosis, 0


Type of glass fibre not
specified (chrysotile:
12/48 tumours; fibrosis)


Wagner et al.
(1984)


Glass fibre;
  French
  (Saint
  Gobain)


48 WHO f/cm3, 5 mg/m3


respirable dust; D, 69%
< 1 µm; L, 42% > 10 µm


Chrysotile,
5 mg/m3;
L, 6% > 5 µm


45 Wistar rats,
male/female;
28 mo


Whole-body
for 24 mo


ND 1/45 Type of glass fibre not
specified (chrysotile:
9/47 tumours; fibrosis)


Le Bouffant
et al. (1984)


Insulsafe II
  building
  insulation


30 f/cm3; L, > 10 µm;
D, < 1 µm; 100 total f/cm3;
10 mg/m3; D, 1.4 µm mean;
GMD, 1.2 µm; L, 37 µm
mean; GML, 24 µm


Crocidolite,
3000 total f/cm3,
90 f/cm3


(L, > 10 µm)


52 Osborne-
Mendel rats,
female; lifetime


Nose-only,
6 h/d,
5 d/wk, for
24 mo


3 × 104 f/mg dry
lung at 3 mo


Tumours: 0/52;
fibrosis, 0


Aerosolized fibres were
short. Asbestos: low
tumour incidence (3/57;
∼5%) + fibrosis (some)


Smith et al.
(1987)


Manville
  901
  building
  insulation


232 WHO f/cm3 (73 f L
> 20 µm), 30 mg/m3;
D, 1.4 µm mean; GMD,
1.3 µm; L, 16.8 µm mean;
GML, 13.1 µm


Chrysotile,
10 mg/m3,
10 600 WHO
f/cm3


140 (119) Fischer
rats, male; lifetime


Nose-only,
6 h/d,
5 d/wk, for
24 mo


f L > 5 µm/ lung:
42 × 106 at 12 mo;
82 × 106 at 24 mo
f L > 20 µm/ lung:
3 × 106 at 12 mo;
5 × 106 at 24 mo


Lung tumours:
7/119 (1 carci-
noma);
fibrosis, 0


Chrysotile: 13/69 lung
tumours; 1/69
mesothelioma


Hesterberg
et al. (1993);
Hesterberg &
Hart (2001)
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Test
substance


Aerosol fibres (numbers and
dimensions)


Positive control Test system (no. at
risk); observation
time


Exposure Lung dose No. of thoracic
tumours/no. of
animals


Comments (positive
control tumour
incidence)


Reference


Insulsafe II
  building
  insulation


246 WHO f/cm3


(90 f L > 20 µm), 30 mg/m3;
D, 0.9 µm mean;
GMD, 0.7 µm; L, 18.3 µm
mean; GML, 13.7 µm


Chrysotile,
10 mg/m3,
10 600 WHO
f/cm3


140 (112) Fischer
rats, male; lifetime


Nose-only,
6 h/d,
5 d/wk, for
24 mo


f L > 5 µm/lung:
69 × 106 at 12 mo;
182 × 106 at
24 mo
f L > 20 µm/lung:
7 × 106 at 12 mo;
6 × 106 at 24 mo


Lung tumours:
3/112;
fibrosis, 0


Chrysotile: 13/69 lung
tumours; 1/69
mesothelioma


Hesterberg
et al. (1993);
Hesterberg &
Hart (2001)


Manville
  building
  insulation


25 f/cm3; L, > 10 µm;
D, < 1 µm; 100 total f/cm3;
12 mg/m3; D, 1.4 µm mean;
GMD, 1.1 µm; L, 31 µm
mean; GML, 20 µm


Crocidolite,
3000 f/cm3, total
f/cm3, 90 f/cm3;
L, > 10 µm


57 Osborne-
Mendel rats,
female; lifetime


Nose-only,
6 h/d,
5 d/wk, for
24 mo


2000 f/mg dry
lung at 3 mo


Tumours: 0/57;
fibrosis, 0


Aerosolized fibre
concentration was very
low. Asbestos: few
tumours (5%) + fibrosis
(some)


Smith et al.
(1987)


Owens
  Corning
  building
  insulation


5 f/cm3; L, > 10 µm;
D, < 1 µm; 25 total f/cm3;
9 mg/m3; D, 3 µm mean;
GMD, 3 µm; L, 114 µm
mean; GML, 83 µm


Crocidolite,
3000 f/cm3,
total f/cm3,
90 f/cm3;
L, > 10 µm


58 Osborne-
Mendel rats,
female; lifetime


Nose-only,
6 h/d,
5 d/wk, for
24 mo


600 f/mg dry lung
at 3 mo


Tumours: 0/58;
fibrosis, 0


Aerosolized fibre
concentration was very
low and most fibres were
very coarse and thick.
Asbestos: few tumours
(5%) + fibrosis (some)


Smith et al.
(1987)


Owens
  Corning
  building
  insulation


5 and 15 mg/m3, no fibre
dimensions; no aerosol
concentrations specified


None 500 Fischer
344 rats; lifetime


Whole-body,
7 h/d,
5 d/wk, for
86 wks


ND Tumour, 0/500;
fibrosis, 0


No data on
concentrations of fibres
in aerosol or in the lung.
No positive asbestos
control


Moorman
et al. (1988)


Hamster


Insulsafe II
  building
  insulation


30 f/cm3; L, > 10 µm;
D, < 1 µm; 100 total f/cm3;
10 mg/m3; D, 1.4 µm mean;
GMD, 1.2 µm; L, 37 µm
mean; GML, 24 µm


Crocidolite,
3000 total f/cm3,
90 f/cm3


(L, > 10 µm)


60 Syrian golden
hamsters, male;
lifetime


Nose-only,
6 h/d,
5 d/wk, for
24 mo


1 × 104 f/mg dry
lung at 3 mo


Tumours: 0/60;
fibrosis, 0


Aerosolized fibres were
short. Asbestos-exposed
animals had no tumours
(some did have fibrosis)


Smith et al.
(1987)


Glass fibre ∼168 WHO f/cm3 Amosite
∼1178 WHO
f/cm3


Hamsters;
24 months


Whole-body,
5 h/d,
5 d/wk, for
3 mo


ND 0/9 Short exposure period,
small number (9) of
animals at risk (amosite:
0/5 tumours)


Lee et al.
(1981)
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Table 60 (contd)


Test
substance


Aerosol fibres (numbers and
dimensions)


Positive control Test system (no. at
risk); observation
time


Exposure Lung dose No. of thoracic
tumours/no. of
animals


Comments (positive
control tumour
incidence)


Reference


Manville
  901
  building
  insulation


339 WHO f/cm3


(134 f L > 20 µm),
30 mg/m3; GMD, 0.84 µm;
GML, 12.4 µm


Amosite (mid),
165 WHO f/cm3


(38 f L > 20 µm);
amosite (high),
263 WHO f/cm3


(69 f L > 20 µm)


125 (81) Syrian
golden hamsters,
male; lifetime


Nose-only,
6 h/d, 5
d/wk, for
18 mo


f L > 5 µm/lung:
32 × 106 at 12 mo;
77 × 106 at 18 mo
f L > 20 µm/lung:
1 × 106 at 12 mo;
5 × 106 at 18 mo


Lung tumours
or meso-
theliomas, 0/81;
fibrosis, 0


Amosite (mid):
22/85 mesotheliomas, no
lung tumours, fibrosis
Amosite (high)
17/87 mesotheliomas, no
lung tumours, fibrosis


Hesterberg
et al. (1999);
McConnell
et al. (1999)


Manville
  building
  insulation


25 f/cm3; L, > 10 µm;
D, < 1 µm; 100 total f/cm3;
12 mg/m3; D, 1.4 µm mean;
GMD, 1.1 µm; L, 31 µm
mean; GML, 20 µm


Crocidolite, 3000
f/cm3, total f/cm3,
90 f/cm3;
L, > 10 µm


66 Syrian golden
hamsters, male;
lifetime


Nose-only,
6 h/d,
5 d/wk, for
24 mo


1000 f/mg dry
lung at 3 mo


Tumours: 0/66;
fibrosis, 0


Aerosolized fibre
concentration was very
low. Asbestos-exposed
animals had no tumours
(some did have fibrosis)


Smith et al.
(1987)


Owens
  Corning
  building
  insulation


5 f/cm3; L, > 10 µm;
D, < 1 µm; 25 total f/cm3;
9 mg/m3; D, 3 µm mean;
GMD, 3 µm; L, 114 µm
mean; GML, 83 µm


Crocidolite, 3000
f/cm3, total f/cm3,
90 f/cm3;
L, > 10 µm


61 Syrian golden
hamsters, male;
lifetime


Nose-only,
6 h/d,
5 d/wk, for
24 mo


500 f/mg dry lung
at 3 mo


Tumours: 0/61;
fibrosis, 0


Aerosolized fibre
concentration was very
low and most fibres were
very coarse and thick.
Asbestos-exposed
animals had no tumours
(some did have fibrosis)


Smith et al.
(1987)


Special-purpose glass fibres


Rat


JM 100 10 mg/m3 respirable dust;
D, 0.3 µm; L, 71% < 10 µm


Chrysotile,
10 mg/m3


100 Fischer rats,
50 male,
50 female;
lifetime


Whole-body,
7 h/d,
5 d/wk, for
12 mo


ND 0/55; fibrosis, 0 JM 100 fibres were short
(chrysotile: 11/56
tumours; fibrosis)


McConnell
et al. (1984)


JM 100 1436 WHO f/cm3


(108 f L > 20 µm),
10 mg/m3 respirable dust;
D, 97% < 1 µm; L, 93%
5–20 µm


Chrysotile,
10 mg/m3,
3800 WHO f/cm3


56 (48) SPF
Fischer rats, male
and female;
24 mo; lifetime


Whole-body,
7 h/d,
5 d/wk, for
12 mo


mg f/lung:
4.5 at 12 mo
2.1 at 21 mo


1/48 (adeno-
carcinoma);
fibrosis, 0


JM 100 fibres were short
(chrysotile: 12/48
tumours; fibrosis)


Wagner et al.
(1984)
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Table 60 (contd)


Test
substance


Aerosol fibres (numbers and
dimensions)


Positive control Test system (no. at
risk); observation
time


Exposure Lung dose No. of thoracic
tumours/no. of
animals


Comments (positive
control tumour
incidence)


Reference


JM 100 332 WHO f/cm3, 5 mg/m3


respirable dust; D, 95%
< 1 µm; L, 60% > 10 µm,
25% > 20 µm


Chrysotile,
5 mg/m3,
6000 WHO f/cm3


48 Wistar rats,
male and female;
28 mo


Whole-body,
5 h/d,
5 d/wk, for
24 mo


ND 0/48 JM 100 fibres were short
(chrysotile: 9/47
tumours; fibrosis)


Le Bouffant
et al. (1984;
1987)


JM 104/475 252 WHO f/cm3, 3 mg/m3;
D, 0.42 µm median;
L, 4.8 µm median


Crocidolite,
162 WHO f/cm3;
chrysotile,
131 WHO f/cm3


108 Wistar rats,
female; lifetime


Nose-only,
for 12 mo


WHO f × 106:
70 at 12 mo
25 at 24 mo


1/107 JM 104/475 fibres were
short (crocidolite: 1/50
tumours; chrysotile: 0/50
tumours)


Muhle et al.
(1987)


Manville
  Code 100


530 f/cm3; L, > 10 µm;
D, ≤ 1 µm; 3000 total f/cm3;
3 mg/m3; D, 0.4 µm mean;
GMD, 0.4 µm; L, 7.5 µm
mean; GML, 4.7 µm


Crocidolite,
3000 f/cm3, total
f/cm3, 90 f/cm3;
L, > 10 µm


57 Osborne-
Mendel rats,
female; lifetime


Nose-only,
6 h/d,
5 d/wk, for
24 mo


2 × 106 f/mg dry
lung at 2 mo


Tumours: 0/57;
fibrosis, 0


Low survival rates:
< 50% of rats survived to
24 mo (including
controls). Asbestos: few
tumours (3/57; 5%) +
fibrosis


Smith et al.
(1987)


JM 475 5 and 15 mg/m3; no fibre
dimensions; no aerosol
concentrations specified


None 500 Fischer
344 rats; 18 mo;
lifetime


Whole-body,
7 h/d,
5 d/wk, for
86 wks


ND Tumours, 0;
fibrosis, 0


No data on fibre
concentrations in aerosol
or in the lung. No
positive asbestos control


Moorman
et al. (1988)


JM 475 1066 WHO f/cm3 (38 f >
20 µm/cm3); 0.2 µm < D
(more than 60% of fibres)
< 0.4 µm


Amosite, 981
WHO f/cm3


(89 f > 20 µm/
cm3)


24 mo, 83 (38)
Wistar rats


Whole body,
7 h/d,
5 d/wk, for
12 mo


2241 × 106 WHO
f/lung; 11 × 106 f
> 20 µm/lung


4/38
(adenomas);
fibrosis:
negligible


Authors concluded
tumours/fibrosis similar
to that of controls (5%
tumours in air control).


Davis et al.
(1996a);
Cullen et al.
(2000)


104 E 975 WHO f/cm3


(72 f > 20 µm/cm3);
0.2 µm < D (more than 60%
of fibres) < 0.4 µm


Amosite, 981
WHO f/cm3


(89 f > 20 µm/
cm3)


24 mo, 83 (43)
Wistar rats


Whole body,
7 h/d,
5 d/wk, for
12 mo


2356 × 106 WHO
f/lung;
83 × 106 f
> 20 µm/lung


12/43 (7
carcinomas,
3 adenomas and
2 mesothe-
liomas);
fibrosis: +


Authors concluded that
amosite and 104 E were
fibrogenic and
tumorigenic.


Davis et al.
(1996a);
Cullen et al.
(2000)


p
p
1
8
1
-
2
4
0
 
o
k
.
q
x
d
 
 
0
7
/
1
2
/
0
2
 
 
0
8
:
5
5
 
 
P
a
g
e
 
1
8
6







STU
D


IES O
F CA


N
CER IN


 EX
PERIM


EN
TA


L A
N


IM
A


LS
187


Table 60 (contd)


Test
substance


Aerosol fibres (numbers and
dimensions)


Positive control Test system (no. at
risk); observation
time


Exposure Lung dose No. of thoracic
tumours/no. of
animals


Comments (positive
control tumour
incidence)


Reference


Hamster


Manville
  Code 100


530 f/cm3; L, > 10 µm;
D, ≤ 1 µm; 3000 total f/cm3;
3 mg/m3; D, 0.4 µm mean;
GMD, 0.4 µm; L, 7.5 µm
mean; GML, 4.7 µm


Crocidolite, 3000
f/cm3, total f/cm3,
90 f/cm3;
L, > 10 µm


69 Syrian golden
hamsters, male;
lifetime


Nose-only,
6 h/d,
5 d/wk, for
24 mo


1 × 106 f/mg dry
lung at 2 mo


Tumours: 0/69;
fibrosis, 0


Low survival rates:
< 25% of hamsters
survived to 24 mo
(including controls).
Asbestos-exposed
animals had no tumours
(some did have fibrosis).


Smith et al.
(1987)


JM 475 310 WHO f/cm3


(109 f L > 20 µm),
37 mg/m3; GMD, 0.70 µm;
GML, 11.8 µm


Amosite (mid),
165 WHO f/cm3


(38 f L > 20 µm),
3.5 mg/m3;
amosite (high)
263 WHO f/cm3


(69 f L > 20 µm),
7 mg/m3


125 (83) Syrian
golden hamsters,
male; lifetime


Nose-only,
6 h/d,
5 d/wk, for
18 mo


f L > 5 µm/lung:
49 × 106 at 12 mo
234 × 106 at 18
mo
f L > 20 µm/lung:
6 × 106 at 12 mo
30 × 106 at 18 mo


Lung tumours:
0/83;
mesothelioma,
1/83;
fibrosis, 0


Amosite (mid):
22/85 mesotheliomas, no
lung tumours, fibrosis
Amosite (high)
17/87 mesotheliomas, no
lung tumours, fibrosis


Hesterberg
et al. (1999);
McConnell
et al. (1999)


f, fibre; L, length; D, diameter; total f, any particle having L:D ≥ 3; f > 20, fibres with length > 20 µm; f/cm3, no. of fibres per cm3 of air. Some concentrations were expressed as fibres > 5 µm length,
others as total fibres; authors did not always specify. GMD, geometric mean diameter; GML, geometric mean length; lifetime: until survival rate of air controls is ≤ 20%; typically ~30 months.
Thoracic tumours: lung tumours, including adenomas and carcinomas; WHO, respirable fibres as defined by World Health Organization, L > 5 µm, D < 3 µm, L:D, ≥ 3; h, hour; d, day; wk, week; mo,
month; ND, not determined
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killed either immediately after treatment or after various periods of observation (4, 7, 12
and 16 months after exposure for rats exposed for 12 months and 4 months after expo-
sure for rats exposed for 24 months). The incidences of pulmonary carcinoma in the
various treatment groups were 1/45 (French glass fibre), 9/47 (chrysotile) and 0/47
(control rats) (Le Bouffant et al., 1984). [The Working Group noted that, because data
on survival were not reported, the exact incidence of tumours could not be ascertained.]


Groups of 56 SPF Fischer rats (equal numbers of males and females) [age
unspecified] were exposed by inhalation to dust at concentrations of approximately
10 mg/m3 glass fibre or chrysotile for 7 h per day on five days per week for 12 months
(cumulative exposure, 17 500 mg × h/m3 for each group). The samples of fibrous dust
used (and the size distributions of airborne fibres > 5 µm in length) were: glass fibre with
resin coating [chemical composition not given] (72% fibres < 20 µm in length; 52%
< 1 µm in diameter; 240 WHO fibres/cm3), glass fibre without resin coating [source
unspecified] (58% < 20 µm in length; 47% < 1 µm in diameter; 323 WHO fibres/cm3)
and UICC Canadian chrysotile (39% > 10 µm in length; 29% > 0.5 µm in diameter). To
study dust retention, groups of six rats per exposure group were killed at the end of the
exposure period or one year after the end of exposure. The remainder were kept until
natural death [survival times not reported]. During the period 500–1000 days after the
start of exposure, the incidences of pulmonary adenomas and carcinomas were: 1/48
(adenocarcinoma; glass fibre with resin), 1/47 (adenoma; glass fibre without resin),
12/48 (1 adenoma and 11 adenocarcinomas; chrysotile) and 0/48 (untreated controls)
(Wagner et al., 1984). [The Working Group noted that because data on survival were
inadequate, the exact incidence of tumours could not be ascertained.]


Groups of 52–61 female Osborne-Mendel rats, 100 days old, were exposed by
inhalation (nose-only) to dusts from various types of glass wool and special purpose
fibres, UICC crocidolite asbestos or clean air (negative controls) for 6 h per day on five
days per week for two years and then observed for life. A group of 125 untreated rats
served as additional negative controls. The three glass wools tested were:


— CT loose ‘blowing wool’ building insulation Insulsafe II [chemical composition
similar to MMVF11] (mean dimensions of aerosol fibres, 37 µm × 1.4 µm;
4.4 mg/m3; 100 total fibres/cm3; 30 fibres/cm3 with length > 10 µm and diameter
< 1 µm);


— Manville building insulation with binder [chemical composition similar to
MMVF10] (mean dimensions of aerosol fibres, 31 µm × 1.4 µm; 9.9 mg/m3;
100 total fibres/cm3; 25 fibres/cm3 with length > 10 µm and diameter < 1 µm);
and 


— Owens Corning binder-coated appliance insulation [chemical composition not
given] (mean dimensions of aerosol fibres, 3.0 µm × 114 µm; mass concen-
tration, 7.0 mg/cm3; 19% respirable; 25 total fibres/cm3; 5 fibres/cm3 > 10 µm
in length and ≤ 1.0 µm in diameter).


The mass of human respirable fibre was estimated for each aerosol from data
obtained from nylon cyclone air samplers. [The Working Group noted that no infor-
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mation was available on respirability in the rat and that for the Manville building
insulation and the Owens Corning appliance insulation fibres, the retained lung burden
was relatively low.] No pulmonary tumours were observed in any of the groups exposed
to any of the types of glass fibre or in the controls. There was no effect of glass fibre on
survival and little pulmonary cellular change. The tumour incidences in rats exposed to
UICC crocidolite asbestos were: 3/57 rats (one mesothelioma and two carcinomas)
(Smith et al., 1987). [The Working Group noted that the counting criteria for the retained
fibres were not stated.]


A total of 500 Fischer 344 rats, five weeks of age, were exposed in whole-body
chambers to Owens Corning insulation glass wool [chemical composition not given] or
air filtration fibre glass fibres for 7 h per day on five days per week for 86 weeks. The
target exposure concentration was 15 mg/m3 for both treatments. [The Working Group
noted that the physical dimensions (length and diameter) of the fibres and the numbers
of fibres in the exposure aerosol and the lungs were not characterized and the lung
burden was not given.] No lung fibrosis, lung cancer or mesotheliomas were observed
in the rats exposed to fibres. The incidence of mononuclear-cell leukaemia was
statistically elevated in the groups exposed to fibres when compared with the air control
group. However, this tumour type is observed at relatively high incidences (22% in the
current study) in ageing Fischer 344 rats (Moorman et al., 1988).


Groups of 140 male Fischer 344/N rats, eight weeks of age, were exposed by nose-
only inhalation to glass wool building insulation fibres (Manville 901 (MMVF10) or
CertainTeed Insulsafe II (MMVF11)) for 6 h per day on five days per week for up to
two years and observed for life (until 20% survival). The target aerosol concentrations
were 3, 16 or 30 mg/m3. At a concentration of 30 mg/m3, MMVF10 contained an
average of 232 WHO fibres/cm3 and MMVF11, 246 WHO fibres/cm3 (including 73 and
90 fibres/cm3 longer than 20 µm, respectively). The average fibre dimensions were
1.4 µm × 16.8 µm (MMVF10) and 0.9 µm × 18.3 µm (MMVF11). The negative control
rats were exposed under similar conditions to filtered air. Another group of rats was
exposed to size-selected NIEHS medium-chrysotile asbestos at 10 mg/m3 (10.6 × 103


WHO fibres/cm3, no detectable fibre > 20 µm). Lung fibre burdens and lung pathology
and histopathology were evaluated after 3, 6, 12, 18 and 24 months of exposure and after
various combinations of exposure and recovery periods (3 + 21, 6 + 18, 12 + 12, 18 +
6, 24 + 6 months; no exposure to fibres occurred during the recovery period). Lung fibre
burdens were dose- and time-dependent, increasing with both level of exposure and
duration. After 24 months of exposure to ~250 WHO fibres/cm3, the lung fibre burdens,
expressed as fibres > 20 µm/lung × 106 were 5 and 6 for MMVF10 and MMVF11,
respectively. During exposure of rats to either of the two glass wools, dose-related and
time-dependent lung inflammation was observed; however, after a post-exposure
recovery period of several months, the lungs showed no evidence of inflammation. In
the rats exposed to glass wool, no lung fibrosis or mesothelial tumours were seen and
the incidences of lung tumours were not significantly elevated over background levels
for this species (range, 0.8–7.5% in 112–120 rats at risk; 3.3% in concurrent air
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controls). The incidences of tumours in the rats exposed to chrysotile were 13/69
(18.9%) lung tumours and 1/69 (1.4%) pleural mesotheliomas (Hesterberg et al., 1993;
Hesterberg & Hart, 2001). 


(b) Hamster
Groups of 60–70 male Syrian golden hamsters, 100 days old, were examined after


exposure by nose-only inhalation to dusts of various types of glass wool and special-
purpose fibres, UICC crocidolite asbestos or clean air (negative controls) for 6 h per
day on five days per week for two years, and were then observed for life. A group of
125 untreated hamsters served as additional negative controls. The three glass wools
tested were:


— CT loose ‘blowing wool’ building insulation Insulsafe II [chemical composition
similar to MMVF11] (37 µm × 1.4 µm; 4.4 mg/m3; 100 total fibres/cm3);


— Manville building insulation with binder [chemical composition similar to
MMVF10] (31 µm × 1.4 µm; 9.9 mg/m3; 100 total fibres/cm3); and


— Owens Corning binder-coated appliance insulation [chemical composition not
given] (3.0 µm diameter; mass concentration, 7.0 mg/cm3; 19% respirable,
25 fibres/cm3 with 5 fibres/cm3 > 10 µm in length and ≤ 1.0 µm in diameter).


A second group of 38 animals was also exposed to Owens Corning binder-coated
appliance insulation because of a high death rate in the first group that was unrelated to
exposure to fibres. No pulmonary tumours were observed in the group exposed to glass
fibre or the room-control group. The incidences of pulmonary tumours in the other
groups were: 1/58 (chamber controls; carcinoma) and 0/58 (crocidolite). None of the
types of glass fibre affected survival or caused pulmonary lesion (Smith et al., 1987).
[The Working Group noted that the counting criteria for the retained fibres were not
stated and that the lifetime of the hamsters was surprisingly long.]


Groups of 30–35 hamsters [sex, strain and age unspecified] were exposed by whole-
body inhalation to glass fibre (700 fibres/cm3 > 5 µm in length; 24% with length < 3 µm)
or amosite asbestos (3100 fibres/cm3 > 5 µm in length; 38% with length < 3 µm) [no
information on diameters was given] for 5 h per day on five days per week for three
months and were then observed for 21 months. [Aerosol concentrations estimated as
WHO fibre/cm3 (length > 5 µm, diameter < 3 µm, length/diameter ≥ 3) were
approximately 168 for glass fibre and 1178 for amosite.] One group of 30 unexposed
animals served as controls. Groups of 1–8 animals per exposure group were killed at 50
days and 3, 6, 12 and 18 months, and the remainder at 24 months. No pulmonary tumour
was observed in any group (0/9 in the exposed group killed at 24 months) (Lee et al.,
1981). [The Working Group noted the short exposure period and the small number of
animals evaluated.]


A total of 125 male Syrian golden hamsters, 13–15 weeks of age (~145 g bw), were
exposed by nose-only inhalation to building insulation glass fibre (Manville 901, coded
MMVF10a) at a concentration of 30 mg/m3 (339 WHO fibres/cm3, including 134 fibres
> 20 µm/cm3) for 6 h per day on five days per week for up to 78 weeks (18 months) and
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observed for life (i.e. until 20% survival; ~88 weeks). The MMVF10a sample was a
thinner version of the original MMVF10 used in the chronic inhalation studies in rats
summarized above. In order to compare results obtained using MMVF10a with those of
a known human carcinogen, three additional groups of 125 hamsters were concurrently
exposed to amosite asbestos at the following aerosol concentrations: 36 (10 fibres
> 20 µm), 165 (38 fibres > 20 µm) and 263 (69 fibres > 20 µm) WHO fibres/cm3. The
geometric mean dimensions of the aerosol fibres were 0.84 µm × 12.4 µm for
MMVF10a and 0.55 µm × 8.4 µm for amosite. Another group of 125 hamsters was
exposed under similar conditions to filtered air only (negative controls). After 13, 26, 52
and 78 weeks of exposure and after various combinations of exposure and recovery
periods, 9–10 hamsters were randomly selected from each exposure group and killed;
five of the hamsters were evaluated for lung burden and for histopathology and the
remaining four or five were evaluated for lung and pleural cell proliferation. Lung depo-
sitions after 6 h of exposure were fairly similar in animals exposed to MMVF10a and
high dose amosite: 8.4 × 105 WHO fibres/lung (1.6 fibres > 20 µm) for MMVF10a and
20.8 × 105 WHO fibres/lung (2 fibres > 20 µm) for high-dose amosite. However, after
78 weeks of exposure, lung burdens for the two fibres were no longer similar: numbers
of fibres > 20 µm/lung were 4.6 × 106 for MMVF10a but 144 × 106 for high-dose
amosite; numbers of WHO fibres per lung were ninefold greater for amosite than for
MMVF10a; and the number of fibres > 20 µm/lung were fivefold greater for amosite.
After 78 weeks of exposure followed by six weeks of recovery, the lung burdens of
MMVF10a were reduced by 66% (WHO fibres/lung) and 95% (fibres > 20 µm/lung);
in contrast, the lung burdens of amosite were reduced by only 21% and 38%,
respectively. Exposure to MMVF10a induced lung inflammation, which was no longer
evident after a recovery period of six weeks; no pulmonary fibrosis or tumours were
observed in these hamsters (81 hamsters at risk). In contrast, all three doses of amosite
induced widespread lung fibrosis and 3%, 22% and 17% pleural mesotheliomas in the
36, 165 and 263 WHO fibres/cm3 dose groups, respectively (87 hamsters at risk)
(Hesterberg et al., 1997, 1999; McConnell et al., 1999). 


3.2.2 Intraperitoneal injection


(a) Rat
Groups of female Wistar rats, 8–12 weeks of age, received either single intra-


peritoneal injections of 2 or 10 mg, or four weekly injections of 25 mg, German glass
wool [chemical composition not given] (59% fibres < 3 µm in length), different doses
of UICC chrysotile A or 100 mg of one of seven suspensions of granular dust in 2 mL
saline. The German glass wool was administered at doses of 24, 120 and
1200 × 106 fibres > 5 µm in length. The animals were kept until natural death. In the
groups treated with glass fibre, lesions reported by the authors as mesotheliomas and
spindle-cell sarcomas were observed at incidences of 1/34, 4/36 and 23/32 for the doses
of 24, 120 and 1200 × 106 fibres > 5 µm in length, respectively, with corresponding
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average survival times of 518, 514 and 301 days. Tumour incidences ranged from 6/37
(2 mg dose) to 25/31 (25 mg dose) in the groups treated with chrysotile, with average
survival times of 468–407 days. No abdominal tumours were observed in the control
animals treated with saline (Pott et al., 1976). 


Groups of female Wistar rats, 8–10 weeks old, were given intraperitoneal injections
containing a total dose of either 70 mg (two weekly injections) or 180 mg (six weekly
injections) of MMVF11 (manufactured by CertainTeed). The number of fibres was
0.4 × 109 or 1.0 × 109 WHO fibres/rat for the 70 mg and 180 mg doses, respectively, and
the approximate median fibre dimensions were 14.6 µm × 0.77 µm. Rats were kept for
life and then examined for tumours. Forty rats served as concurrent negative controls and
received intraperitoneal injections of saline. The incidences of peritoneal mesotheliomas
for the 70 mg and 180 mg dose groups were 12/40 (30%) and 16/23 (70%), respectively.
Negative control rats did not develop any mesotheliomas (Pott, 1995; Roller et al., 1996;
Roller & Pott, 1998).


Five groups of 40–53 male or female Wistar rats, 8–10 weeks old, were given 5–40
weekly intraperitoneal injections of 25 mg B-01-09 glass wool to a total dose of
125–1000 mg glass wool. The doses expressed as fibres > 5 µm/rat for each of the five
groups were 2.5, 5, 10 (females), 10 (males) and 20 × 109, respectively, the highest dose
being 20 times more than the highest dose recommended by the European Union guide-
lines (see section 1.5 for details). Approximate median fibre dimensions were 9 µm ×
0.7 µm. Rats were kept for life (∼30 months) and then examined for tumours. Two
hundred and eight male and female rats were kept as concurrent negative controls and
treated with 1–20 weekly intraperitoneal injections of saline. The incidences of
peritoneal mesotheliomas for the five groups treated with glass wool were 3/40 (8%),
4/40 (11%), 3/40 (8%), 10/40 (21%) and 33/40 (66%), respectively. The incidence of
abdominal tumours in negative control rats was 1/208 (Pott, 1995; Roller et al., 1996).


Four groups of 40 female Wistar rats, 8–10 weeks old, were given a series of
weekly intraperitoneal injections containing either a thin or thicker version of an
experimental glass wool (B-09-0.6 or B-09-2.0). The median dimensions of the two
fibres were 3.3 µm × 0.49 µm and 10.5 µm × 1.2 µm, respectively. The total dose per
rat (in saline) was: 100 or 300 mg (B-09-0.6) and 150 or 450 mg (B-09-2.0) (injections
ranging from 2 × 50 mg to 9 × 50 mg/animal). The numbers of fibres for the four doses
were: 2 and 6 × 109 WHO fibres per rat for B-09-0.6 and 1 and 3.2 × 109 WHO fibres
per rat for B-09-2.0. Forty rats were kept as concurrent negative controls and were
given three weekly intraperitoneal injections of 2 mL physiological saline solution.
Rats were kept for life (30 months) and then examined for tumours. The incidences of
peritoneal mesotheliomas for the four dose groups were 3% (100 mg B-09-0.6), 10%
(300 mg B-09-0.6), 23% (150 mg B-09-2.0) and 53% (450 mg B-09-2.0). No tumours
were observed in the negative control rats. Exposure to longer and thicker fibres
resulted in more tumours (Roller et al., 1996, 1997).


Groups of 22–24 male Wistar rats [age unspecified] received an intraperitoneal
injection of 144 mg of a glass fibre standard building insulation wool (MMVF10) or


IARC MONOGRAPHS VOLUME 81192


pp181-240 ok.qxd  07/12/02  08:55  Page 192







6.1 mg of amosite asbestos and were observed for life to monitor the development of
peritoneal mesotheliomas. The doses of the two fibres were 973 × 106 WHO fibres/rat
(MMVF10) and 410 × 106 WHO fibres/rat (amosite). The numbers of fibres > 20 µm
for each of the two fibres were 555 × 106 (including 119 with a diameter < 0.95 µm)
and 71 × 106 (including 63 with a diameter < 0.95 µm), respectively. Tumours were
diagnosed by the macroscopic presence of peritoneal mesotheliomas; when the
diagnosis was in doubt, microscopy was performed. The incidence of tumours for
MMVF10 was 13/22 (59%) and for amosite 21/24 (88%). [Estimated survival fractions
for deaths from mesothelioma were reported.] In their consideration of these fibres and
others tested, the authors suggested a link between the incidence of intraperitoneal
tumours and two other factors:


— the number of fibres > 20 µm injected; and
— the biopersistence of fibres > 5 µm in rat lungs following intratracheal instil-


lation (biopersistence is described more fully in section 4 of this monograph)
(Miller et al., 1999).


(b) Hamster
Groups of 40 female Syrian golden hamsters, 8–12 weeks old, received single


intraperitoneal injections of 2 or 10 mg glass wool (59% of fibres shorter than 3 µm)
[chemical composition not given] or UICC chrysotile A in 1 mL saline. Animals were
observed for life. No tumour of the abdominal cavity was found (Pott et al., 1976). 


3.3 Special-purpose glass fibres


3.3.1 Inhalation exposure


(a) Rat
Groups of 24 male and 24 female Wistar IOPS AF/Han rats, 8–9 weeks of age,


were exposed by whole-body inhalation to dust of US JM 100 glass fibre [chemical
composition not given] at concentrations of 5 mg/m3 (respirable particles) (97%
respirable fibres < 5 µm in length; 43% total fibres < 0.1 µm in diameter; 332 respirable
fibres > 5 µm/cm3) or a Canadian chrysotile fibre (6% respirable fibres > 5 µm in
length; 5901 WHO fibre/cm3) for 5 h per day on five days per week for 12 or 24
months. An unspecified number of rats were killed either immediately after treatment
or after a period of observation (4, 7, 12 and 16 months after exposure for rats exposed
for 12 months; 4 months after exposure for rats exposed for 24 months). The incidences
of pulmonary carcinoma were 9/47 (chrysotile), 0/48 (JM 100 glass fibre) and 0/47
(control rats) (Le Bouffant et al., 1984). [The Working Group noted that, because of the
lack of data on survival, the exact incidence of tumours could not be ascertained.]


Two studies of similar design, A and B, using animals from the same source were
conducted concurrently in different laboratories (study B was part of the study by
Wagner et al. (1984), reviewed in detail below). Groups of 50 male and 50 female SPF
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Fischer 344 rats, 7–8 weeks of age, were exposed by whole-body inhalation to approxi-
mately 10 mg/m3 respirable dust [size unspecified] of JM 100 [chemical composition not
given] or UICC Canadian chrysotile for 7 h per day on five days per week for 12 months
and were observed for life. Fifty rats of each sex served as chamber controls. Groups of
3–5 rats per group were killed at 3, 12 and 24 months. No pulmonary tumours were
observed after 3 or 12 months of exposure. The incidences of pulmonary tumours in the
chrysotile-exposed male rats killed after 24 months of exposure were 2/4 (one adenoma,
one adenocarcinoma; study A) and 0/4 (study B). The incidences of pulmonary tumours
(adenomas and adenocarcinomas combined) in rats from study A observed for life were:
chrysotile, 9/29 males and 2/27 females; JM 100 glass fibre, 0/28 males and 0/27
females; control, 3/27 males and 0/26 females. The incidences in study B were:
chrysotile, 7/24 males and 5/24 females; JM 100 glass fibre, 1/24 males and 0/24
females; control, 0/24 males and 0/24 females. Thus, chrysotile asbestos was positive for
carcinogenicity, while JM 100 glass was negative (McConnell et al., 1984). [The
Working Group noted that the dimensions of the fibres used in study A were not
reported.]


Groups of 56 SPF Fischer rats (equal numbers of males and females) [age
unspecified] were exposed by inhalation to dust at concentrations of approximately
10 mg/m3 glass fibre [chemical composition not given] or chrysotile for 7 h per day on
five days per week for 12 months (cumulative exposure, 17 500 mg × h/m3 for each
group). The fibrous dust samples used (and the size distributions of those airborne
fibres > 5 µm in length) were: JM 100 glass fibre (93% < 20 µm in length; 97% < 1 µm
in diameter; 1436 WHO fibres/cm3) and UICC Canadian chrysotile (39% > 10 µm in
length; 29% > 0.5 µm in diameter). To study dust retention, groups of six rats per
exposure group were killed at the end of the exposure period and one year after the end
of exposure. The remainder were kept until natural death [survival times not reported].
During the period 500–1000 days after the start of exposure, the incidence of pulmo-
nary adenomas and carcinomas was: 1/48 (adenocarcinoma; JM 100), 12/48 (one ade-
noma and 11 adenocarcinomas; chrysotile) and 0/48 (untreated controls) (Wagner et al.,
1984). [The Working Group noted that, because of inadequate data on survival, the
exact tumour incidence could not be ascertained.]


In the study by Smith et al. (1987), described in detail in section 3.2.1, exposure
of female Osborne-Mendel rats by nose-only inhalation to Manville code 100 fibres
without binder (mean dimensions of aerosol fibres, 7.5 µm × 0.4 µm; highest concen-
tration, 2.4 mg/m3; 3000 total fibres/cm3; 530 fibres/cm3, length > 10 µm, and
diameter < 1 µm) for 6 h per day on five days per week for two years did not produce
pulmonary tumours.


Female Wistar rats, 12 weeks old, were exposed by nose-only tubes to fibre aerosols
for 5 h per day on four days per week for up to one year (total exposure time, 1000 h).
One group of 108 rats was exposed to JM 104/475 glass microfibre (median fibre
dimensions, 4.8 µm × 0.42 µm; 90% < 12.4 µm long) and two groups of 50 rats were
exposed either to South African crocidolite (median dimensions, 1.5 µm × 0.27 µm) or
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to Calidria chrysotile (from California, USA; median fibre dimensions, 6.0 µm
× 0.67 µm). Aerosol concentrations (expressed as mg/m3 and as WHO fibres/cm3) for
the three fibres were as follows: JM 104/475, 3.0 mg/m3 (252 fibres/cm3), crocidolite,
2.2 mg/m3 (162 fibres/cm3) and chrysotile, 6.0 mg/m3 (131 fibres/cm3). Two groups of
negative controls were also kept. One group comprised 55 rats exposed to clean air and
the other 50 untreated rats. The lung burdens were: JM 104/475, 0.4 mg fibre/lung;
crocidolite, 0.6 mg fibre/lung and chrysotile, 0.3 mg fibre/lung after six months of expo-
sure; 0.6, 0.7 and 0.3 after 12 months of exposure; and 0.2, 0.4 and 0.03 after 12 months
of exposure and a 12-month post-exposure recovery period. The proportions for pulmo-
nary tumours were 1/107 (glass fibre; carcinoma), 1/50 rats (crocidolite; adenocarci-
noma), 0/50 (chrysotile) and 0/105 (negative controls). The authors suggested that the
low incidence of tumours seen after exposure to crocidolite might have been because the
lung burden of < 1 mg dust was relatively low, and the absence of tumours after
exposure to Calidria chrysotile might be because these fibres were less persistent than
those of UICC chrysotile (Muhle et al., 1987). 


In a study by Moorman et al. (1988), described in detail in section 3.2.1, whole-
body exposure of 500 Fischer 344 rats to JM 475 special-purpose fibres for 7 h per
day on five days per week for 86 weeks, at target exposure concentrations of 5 and
15 mg/m3, did not produce lung fibrosis, lung cancer or mesotheliomas. The incidence
of mononuclear-cell leukaemia was statistically elevated in the groups exposed to
fibres when compared to the air control group, but this tumour type is typically
observed at relatively high incidences (22%) in ageing Fischer 344 rats. [The Working
Group noted that the physical dimensions and the number of fibres in the exposure
aerosol and the lungs were not characterized and that the lung burden was not stated.]


In a series of inhalation studies (Davis et al., 1996b; Searl et al., 1999; Cullen
et al., 2000), 475 and 104E glass fibres were compared with amosite asbestos. Groups
of male Wistar rats were exposed to aerosols containing approximately 1000 fibres
longer than 5 µm/cm3, more than 60% of which had diameters between 0.2 and
0.4 µm. Lung burdens and some clearance data for each fibre type (by length cate-
gory) were presented. The changes in chemistry of fibres during their residence in the
lungs were monitored by SEM-EDXA. The numbers of thoracic tumours observed in
animals at risk were: 2/38 for controls, 12/43 for 104E, 18/42 for amosite and only
4/38 for 475 glass. Mesotheliomas occurred only in the groups treated with 104E and
amosite. All the tumours observed in animals treated with 475 glass were adenomas.
There was little correlation between final lung burdens and severity of effect and the
authors suggested a role for fibre leaching that was seen only with the relatively inert
475 glass.


(b) Hamster
In the study by Smith et al. (1987), described in detail in section 3.2.1, exposure


of male Syrian golden hamsters by nose-only inhalation to Manville code 100 fibres
without binder (mean dimensions of aerosol fibres, 7.5 µm × 0.4 µm; highest concen-
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tration, 2.4 mg/m3; 3000 total fibres/cm3; 530 fibres/cm3 with length > 10 µm and
diameter < 1 µm) for 6 h per day on five days per week for two years did not affect
survival and caused no pulmonary lesions or tumours.


In a study described in section 3.2.1, 125 Syrian golden hamsters were exposed by
nose-only inhalation to JM 475 glass fibre (coded MMVF33) at a concentration of
37 mg/m3 (310 WHO fibres/cm3, including 109 fibres > 20 µm/cm3). The geometric
mean dimensions of fibres in the aerosol were 0.7 µm × 11.8 µm. Time-points,
evaluations and numbers of hamsters tested were similar to those described above. The
lung deposition of MMVF33 (11.5 × 105 WHO fibres, including 2.2 × 105 fibres
> 20 µm) after 6 h of exposure, and of MMVF10a and high-dose amosite was similar.
However, after 78 weeks of exposure, the lung burden for MMVF33 was between those
of MMVF10a and amosite asbestos, i.e. 5, 30 and 144 × 106 fibres > 20 µm/lung for
MMVF10a, MMVF33 and high-dose amosite, respectively; or, expressed as WHO
fibres × 106/lung, 77, 234 and 612, respectively. After 78 weeks of exposure plus six
weeks of recovery, the lung burdens in animals treated with MMVF33 were reduced by
40–62% (compared with reductions of 66–95% in animals treated with MMVF10a and
little or no significant clearance after treatment with the high dose of amosite). All
hamsters exposed to MMVF33 had lung fibrosis after six months of exposure and one
pleural mesothelioma was seen in 83 animals at risk (1.2%) (Hesterberg et al., 1997,
1999; McConnell et al., 1999). 


(c) Guinea-pig
Groups of 31 male albino guinea-pigs [age unspecified] were exposed by whole-


body inhalation to fibres > 5 µm in length, at concentrations of 700 fibres/cm3 of
ball-milled glass fibre (24.2% fibres with diameter < 3 µm) or 3100 fibres/cm3 UICC
amosite asbestos (38% with diameter < 3 µm), for 6 h per day on five days per week
for three months and were then observed for 21 months. One group of 31 unexposed
animals served as controls. Groups of 1–10 animals per exposure group were killed at
50 days and at 3 months of exposure, and at 6, 12 and 18 months post-exposure; the
remainder were killed at 24 months post-exposure. No pulmonary tumour was observed
in animals that were killed or died before the end of the study. Bronchoalveolar
adenomas were observed in 2/7 animals treated with glass fibre, 0/5 animals treated
with amosite and 0/5 controls killed at the end of the study (Lee et al., 1981). [The
Working Group noted the short exposure period and the small number of animals
evaluated.]


3.3.2 Intraperitoneal injection


Rat: Groups of female Wistar rats, 8-12 weeks old, received single intraperitoneal
injections of 2, 10 or 50 mg (the latter in two doses) [JM 104] glass fibre (code104;
approximate mean fibre dimensions, 10 µm × 0.2 µm) [source of production and
chemical composition not given], 20 mg JM 112 glass fibre (code 112; approximate
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mean dimensions, 30 µm × 1 µm) [source of production and chemical composition not
given], 2 mg UICC crocidolite or 50 mg corundum. Average survival times were 673,
611 and 361 days for the groups treated with 2, 10 and 50 mg JM 104, respectively, and
610 and 682 days for the groups treated with JM 112 and crocidolite, respectively.
Abdominal tumours were diagnosed macroscopically and some were also identified by
microscopy. Dose-related increases in the incidences of abdominal tumours (meso-
theliomas, sarcomas and, rarely, carcinomas) were observed in the groups treated with
the finer JM 104 glass fibre: 20/73 (2 mg), 41/77 (10 mg) and 55/77 (50 mg). The inci-
dences in the groups treated with JM 112 and with crocidolite were 14/37 and 15/39,
respectively. Of the rats that received injections of granular corundum, 3/37 had tumours
in the abdominal cavity; mean survival time was 746 days (Pott et al., 1976).


To test the effect of fibre durability on tumorigenicity, eight groups of 46–48 female
Wistar rats (range of body weights, 158–166 g) were injected intraperitoneally with
either a low-durability glass wool (Bayer B1 or B2 [chemical composition not given])
developed for filters, or with two durable glass fibres (Bayer B3 and JM 475 glass
microfibre) of very similar chemical compositions, but different size distributions.
Several sizes of fibres of the low durability glass wool were administered in one or two
doses as follows: thick (~1.5 µm median diameter) fibres in short, medium and long
fibre ranges, designated B1K, B1M and B1L (median lengths, 7.4, 10.7 and 17.8 µm,
respectively), with a maximum dose of 0.24 × 109 fibres per rat; and thin (0.5 µm mean
diameter) fibres, in two length ranges, B2S and B2L (median lengths, 4.2 and 6 µm,
respectively), to a maximum dose of 109 fibres > 5 µm per rat. The two more-durable
glass fibre compositions, B3 (two length ranges, B3K and B3L, 3.3 and 5.6 µm, respec-
tively) and JM 475, were administered at maximum doses of 0.45 and 0.33 × 109 fibres
> 5 µm per rat, respectively. Negative control rats were given five intraperitoneal
injections of 2 mL physiological saline solution at weekly intervals: 2/50 (4%) deve-
loped abdominal tumours. Exposure to low-durability glass fibre (B1 or B2) at any fibre
number, dose or dimension tested did not significantly elevate the number of abdominal
tumours. The incidence of tumours in the rats exposed to B1 or B2 ranged from 0–11%
(11% in the group exposed to the thickest and longest fibres). Both of the durable glass
fibres induced elevated incidences of tumours: B3K and B3L, 64–66%; JM 475, 17%.
When the effects of two doses of the same fibre were compared, some dose–response
relationships became apparent, but when two length populations of the same fibre were
compared, no consistent relationship between tumorigenicity and fibre number or fibre
length was apparent (Pott et al., 1991). 


In a study using fibres similar to those used by Pott et al. (1976), three groups of
44 female Wistar rats, four weeks of age, were given intraperitoneal injections of 2 or
10 mg [JM 104E] glass fibre (code 104; milled for 2 h [size not given]) [source of
production and chemical composition not given] or 2 mg of [JM 475] glass fibre (code
100; median fibre dimensions, 2.4 µm × 0.33 µm) [source of production and chemical
composition not given]. Abdominal tumours were observed in 14/44 rats that received
2 mg JM 104E, in 29/44 rats that received 10 mg JM 104E and in 2/44 rats that received
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2 mg JM 475. The first tumour was observed 350 days (50 weeks), 252 days (36 weeks)
or 664 days (95 weeks) after the start of treatment with 2 mg JM 104E, 10 mg JM 104E
and 2 mg JM 475, respectively. In three positive-control groups that received intra-
peritoneal injections of 0.4, 2 or 10 mg UICC chrysotile B, tumours developed in 9/44,
26/44 and 35/44 rats, respectively; the first tumour-bearing rat was found at 522 days
(75 weeks), 300 days (43 weeks) and 255 days (36 weeks) after start of treatment in the
groups treated with 0.4, 2 and 10 mg UICC chrysotile B, respectively. A negative-
control group treated with 2 mg granular corundum dust had a tumour incidence of
1/45; the first tumour was found 297 days (42 weeks) after injection. The tumours
observed in both the test and control groups were mesotheliomas or sarcomas. The
groups treated with 0.4 mg chrysotile B or with JM 475 contracted an infection during
month 21 which might have reduced the tumour incidence (Pott et al., 1984a).


Groups of female Sprague Dawley rats, 8 weeks of age, received single intra-
peritoneal injections of 2 mg or 10 mg [JM 475] glass fibre (JM 100; median fibre
dimensions, 2.4 µm × 0.33 µm) [chemical composition not given] in 2 mL saline. The
median survival times were 90 weeks and 79 weeks for the groups treated with 2 mg and
20 mg, respectively. Sarcomas, mesotheliomas and (rarely) carcinomas were seen in
21/54 animals treated with the 2 mg dose and 24/53 animals treated with the 10 mg dose;
the first tumour was seen after 53 weeks in each group. Three tumours were found in
both groups of 54 rats that received two injections each of either 20 mg Mount St Helen’s
volcanic ash or 20 mL saline alone (median survival time, 93 and 94 weeks,
respectively; first tumour after 79 weeks of administration of volcanic ash and 94 weeks
of administration of saline) (Pott et al., 1987).


Groups of 32 female Wistar rats, five weeks of age, received single intraperitoneal
injections of 0.5 mg or 2.0 mg [JM 475] glass fibre (code 104; median fibre dimensions,
3.2 µm × 0.18 µm), 2.0 mg of [JM 475] glass fibre treated with 1.4 M hydrochloric acid
for 24 h; or 0.5 mg or 2.0 mg South African crocidolite (median fibre dimensions,
2.1 µm × 0.20 µm) in 1 mL saline or saline alone. A group of 32 animals that received
three intraperitoneal injections of titanium dioxide (total dose, 10 mg) served as another
control. The animals were observed for life. Median survival times were 116, 110, 107,
109, 71, 130 and 120 weeks for rats that received 0.5 mg and 2.0 mg glass fibre,
acid-treated glass fibre, 0.5 and 2.0 mg crocidolite, titanium dioxide and saline only,
respectively. After exclusion of tumours of the uterus, the observed incidences of
sarcomas, mesotheliomas and (rarely) carcinomas of the abdominal cavity were 5/30
(first tumour after 88 weeks) in animals treated with 0.5 mg glass fibre, 8/31 (first
tumour after 84 weeks) with 2.0 mg glass fibre and 16/32 (first tumour after 56 weeks)
with acid-treated glass fibre. The incidences of tumours in the groups treated with croci-
dolite were 18/32 (low-dose crocidolite; first tumour after 79 weeks) and 28/32 (high-
dose crocidolite; first tumour after 52 weeks); the incidence of tumours in the
saline-treated control group was 2/32 (first tumour after 113 weeks). None of the above-
mentioned tumours was found in the group treated with titanium dioxide (Muhle et al.,
1987; Pott et al., 1987).
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Groups of female Sprague-Dawley rats [initial numbers not specified], eight weeks
of age, received one injection of 5 mg [JM 104E] glass fibre (code 104; cut and ground
for 1 h in an agate mill; median fibre dimensions, 4.8 µm × 0.29 µm). A negative-
control group received 5 mg granular titanium dioxide. In the group treated with
JM 104E glass fibre, 44/54 rats developed abdominal tumours; the median survival time
was 64 weeks, and the average survival time of the tumour-bearing animals was 67
weeks. In the group treated with titanium dioxide, 2/52 rats had abdominal tumours; the
median survival time was 99 weeks, and the average survival time of the tumour-bearing
animals was 97 weeks (Pott et al., 1987).


Groups of Wistar rats [initial number and sex unspecified], four weeks of age,
received one injection of 5 mg [JM 104E] glass microfibre (code 104, cut and ground
for 1 h in an agate mill: median fibre dimensions, 4.8 µm × 0.29 µm). A negative control
group received 5 mg granular titanium dioxide. Treatment with the JM 104E glass fibre
induced abdominal tumours in 20/45 rats; the median survival time of the group was 34
weeks, and average survival time of the tumour-bearing rats was 49 weeks. None of the
47 rats treated with titanium dioxide developed abdominal tumours; median survival
time of the group was 102 weeks (Pott et al., 1987).


A group of 25 female Osborne-Mendel rats, 100 days of age, received a single
intraperitoneal injection of 25 mg Manville code 100 fibres (geometric mean fibre
dimensions, 4.7 µm × 0.4 µm; 19% of fibres > 10 µm in length and 0.2–0.6 µm in
diameter) in 0.5 mL saline. A group of 25 rats was injected with saline only and another
group of 125 rats was untreated. All animals were observed for life. The median average
life span was significantly shorter in rats treated with fibres (593 days) than in animals
treated with saline (744 days) or untreated controls (724 days). Mesotheliomas were
found in 8/25 of the rats treated with glass fibres and in 20/25 rats injected with 25 mg
UICC crocidolite (5% ≥ 5 µm in length; mean, 3.1 µm), but in neither of the control
groups (Smith et al., 1987).


Groups of 54 female Sprague-Dawley rats, eight weeks of age, were injected intra-
peritoneally with 5 mg of an untreated or treated fibre derived from JM code 104 glass
microfibre that had been chopped and ground; 50% were < 4.8 µm in length. Treated
fibres were soaked in either 1.4 mol/L hydrochloric acid (HCl) or 1.4 mol/L sodium
hydroxide (NaOH) at room temperature for either 2 or 24 h. The weight loss of the fibres
treated with HCl was 25% (2 h) or 33% (24 h) [weight loss with NaOH not reported].
Imaging by SEM revealed no modifications of the fibres. [The Working Group noted
that presumably this applied to all of the treatments, although this was not stated. The
incidence of abdominal tumours was reported in the form of a graph showing tumour
incidence over time, but the actual numbers and types of tumour were not reported.] The
incidences of tumours (estimated from the graph) in animals that received untreated JM
104 were the same as those that received the NaOH-treated JM 104 (approximately
80%). Administration of JM 104 treated with HCl, however, markedly reduced the
tumour incidence: ~60% tumour incidence for 2-h HCl treated fibres and < 10% tumour
incidence for 24-h HCl treated fibres. To test their biodurability 2 mg of the treated
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(24 h-HCl) and untreated JM 104 fibres were injected intratracheally into rats, and their
lungs were examined nine months later for fibres. The number of fibres × 106/lung for
HCl-treated, NaOH-treated and untreated JM 104 were 31, 76 and 295, respectively.
These data suggest greater biopersistence of untreated JM 104 than of NaOH- or HCl-
treated JM 104, which does not completely parallel tumour incidences for the three test
fibres (Pott et al., 1988). 


Female Wistar rats [initial number not specified], eight weeks of age, were given
intraperitoneal injections of saline solution containing suspensions of JM 475 glass
microfibre (5 mg; 680 × 106 WHO fibres) or UICC Canadian chrysotile asbestos. The
rats treated with chrysotile were given one of three gravimetric doses (0.05, 0.25 or
1.00 mg containing 40 × 106, 202 × 106 or 808 × 106 WHO fibres, respectively). The
median dimensions for JM 475 test fibres were: length, 2.6 µm; diameter, 0.15 µm;
those for chrysotile fibres were: length, 0.67 µm; diameter, 0.05 µm. The lengths of
the JM 475 and chrysotile fibres were 90% < 9.6 µm and 90% < 2.1 µm, respectively.
[A number of other fibres were also included in this study.] A group of 102 control
rats was injected with saline. Rats were kept until ~130 weeks post-injection, at which
time all surviving rats were killed, necropsied and examined for abdominal tumours.
When tumours were present, they were examined histologically, and rats with uterine
tumours were eliminated from the study. [These tumours metastasize quickly to other
organs and therefore could be mistaken for sarcomas or mesotheliomas (the incidence
of uterine tumours in controls treated with saline was ~15%).] The numbers of rats at
risk for abdominal sarcoma/mesothelioma examined were 53 for the JM 475 and 34
for the chrysotile experiments, respectively. The incidences of tumours (excluding rats
with uterine tumours) for JM 475 and the three increasing doses of chrysotile were
34/53, 12/36, 23/34 and 30/36, respectively; 2/102 control rats developed meso-
theliomas (Pott, 1989; Pott et al., 1989).


Groups of 40 female Wistar rats, 8–10 weeks of age, were given intraperitoneal
injections containing a total dose of either 17 mg or 50 mg JM 753 glass fibre. The
numbers of fibres for the two doses were 1 × 109 and 3 × 109 WHO fibres per rat,
respectively. The approximate median dimensions of fibres were 3.3 µm × 0.22 µm.
Rats were maintained for life (until 30 months) and examined for tumours. A group of
40 concurrent negative control rats were given intraperitoneal injections of saline. The
incidences of peritoneal mesotheliomas for the two doses of JM 753 were 30/36 (83%)
and 36/39 (92%), respectively. Negative control rats did not develop mesotheliomas
(Roller et al., 1996).


In two series of intraperitoneal injection studies, groups of 24 male Wistar rats, 12
weeks of age, were each injected with approximately 109 fibres longer than 5 µm. The
fibres were counted by phase contrast optical microscopy (PCOM). The fibres tested
were: JM 475 glass, amosite (Davis et al., 1996a; Miller et al., 1999) and JM 104E
glass (Cullen et al., 2000). After injection of JM 475 glass, 8/24 of the rats developed
abdominal tumours compared with 21/24 after treatment with amosite or 104E glass.
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No control groups were included in these studies, but sizes of fibres and data on
animal survival were fully reported. 


3.3.3 Intratracheal instillation


(a) Rat
Groups of female Wistar rats aged 11 weeks at the start of the study received 20


weekly intratracheal instillations of a high dose of 0.5 mg/dose (total dose, 10 mg)
JM 104/475 [composition not specified] glass fibre (median dimensions of fibres,
3.2 µm × 0.18 µm) or South African crocidolite (median dimensions of fibres, 2.1 µm
× 0.2 µm) in 0.3 mL saline or saline alone. The median lifespans were 107, 126 and
115 weeks for the groups receiving glass fibres, crocidolite and saline, respectively. In
the group treated with glass fibres, 5/34 rats developed pulmonary tumours (one
adenoma, four carcinomas); the mean lifespan of rats with tumours was 113 weeks. In
the group treated with crocidolite, 15/35 rats developed lung tumours (11 carcinomas
and four mixed tumours); the mean lifespan of tumour-bearing animals was 121
weeks and the first tumour was observed after 89 weeks). Pulmonary tumours did not
occur in the 40 control animals or in historical controls of this strain (Pott et al., 1987). 


A group of 22 female Osborne-Mendel rats, 100 days old, received five weekly
intratracheal instillations of a high dose of 2 mg [JM 475] glass fibres (10 mg total dose;
geometric mean dimensions of fibres, 4.7 µm × 0.4 µm; 19% of fibres > 10 µm in length
and 0.2–0.6 µm in diameter) in 0.2 mL saline. A group of 25 rats was injected with
saline only and another group of 125 animals was untreated. All animals were observed
for life. The median lifespan was longer in rats treated with glass fibres (783 days) than
in the rats treated with saline (688 days) or untreated controls (724 days). No tumour of
the respiratory tract was observed in any group. Of 25 rats treated under similar
conditions with UICC crocidolite (5% fibres > 5 µm in length; mean, 3.1 ± 10.2 µm),
two developed bronchoalveolar tumours (Smith et al., 1987). [The Working Group
noted the relatively small number of animals in the study and the low tumour response
in positive controls, which made interpretation of the results difficult.]


(b) Hamster 
Two groups of 136 or 138 male Syrian golden hamsters [age unspecified] were


given eight weekly intratracheal instillations in 0.15 mL saline of 1 mg of two different
samples prepared from JM 104 glass fibre [chemical composition not given]. The two
samples were wet-milled in a ball mill for 2 or 4 h, respectively, resulting in different
length distributions: fibres milled for 2 h; length, 50% < 7.0 µm; diameter, 50%
< 0.3 µm; fibres milled for 4 h: length, 50% < 4.2 µm; diameter, 50% < 0.3 µm). Two
control groups received eight intratracheal instillations of 1 mg of either UICC croci-
dolite (length, 50% > 2.1 µm; diameter, 50% > 0.2 µm) as a positive control, or granular
titanium dioxide as a negative control (total doses, 8 mg). The incidences of thoracic
tumours in the group treated with the longer glass fibres were: 48/136 (5 lung carci-
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nomas, 37 mesotheliomas, 6 sarcomas); in the group treated with shorter glass fibres,
38/138 (6 lung carcinomas, 26 mesotheliomas, 6 sarcomas); in the group treated with
crocidolite, 18/142 (9 lung carcinomas, 8 mesotheliomas, 1 sarcoma); and in the group
treated with titanium dioxide, 2/135 (sarcomas). The total duration of the experiment
was 113 weeks. Nearly all of the tumour-bearing animals survived for up to 18 months
after the first instillation (Pott et al., 1984b). 


Six groups of 35 male and 35 female Syrian golden hamsters, 16 weeks of age,
received intratracheal instillations in 0.2 mL 0.005% gelatine in saline of 1 mg JM 104
glass fibres (58% < 5 µm in length; 88% < 1.0 µm in diameter) [chemical composition
not given], 1 mg glass fibre plus 1 mg benzo[a]pyrene, 1 mg crocidolite (UICC standard
reference sample; 58% > 5 µm in length; 63% > 0.25 µm in diameter), 1 mg crocidolite
plus 1 mg benzo[a]pyrene, 1 mg benzo[a]pyrene in gelatine solution in saline or vehicle
alone, once every two weeks for 52 weeks. The experiment was terminated at 85 weeks,
at which time 53, 43, 43, 50, 48 and 46 animals were still alive in the six groups,
respectively. Tumours of the respiratory tract were found only in hamsters treated with
benzo[a]pyrene alone. The incidences of respiratory tract tumours were as follows: in
the group given benzo[a]pyrene alone, 3/63 (2 carcinomas and 1 sarcoma, plus 4
papillomas); in the group given crocidolite plus benzo[a]pyrene, 3/52 (2 carcinomas and
1 sarcoma, plus 1 papilloma); and in the group given glass fibre plus benzo[a]pyrene,
2/66 (2 sarcomas, plus 2 papillomas) (Feron et al., 1985). [The Working Group noted the
relatively short observation time and the absence of tumours in the positive, crocidolite-
treated groups.]


3.3.4 Intrapleural injection


(a) Mouse
Four groups of 25 BALB/c mice [sex and age unspecified] received single intra-


pleural injections of a high dose of 10 mg of one of four different samples of borosilicate
glass fibres [chemical composition not given] in 0.5 mL distilled water. The material for
injection was obtained by separating each of two original samples with average
diameters of 0.05 µm and 3.5 µm into two samples, one with lengths of several hundred
microns and the other with lengths of < 20 µm. Animals were killed at intervals of two
weeks until 18 months (a total of 37 mice survived at this time). No pleural tumour was
found in any of the treated animals, whereas mesotheliomas were observed in 2/150
mice given intrapleural injections of chrysotile or crocidolite [dose not stated] in a
parallel experiment. The author concluded that the pleural cavity of mice might be very
resistant to tumour induction by any type of mineral fibre (Davis, 1976). [The Working
Group noted the small number of animals used, the relatively short observation time and
the low response in the positive controls.]
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(b) Rat
Groups of 32–36 SPF Wistar rats (twice as many males as females), 13 weeks of


age, received single intrapleural injections in 0.4 mL saline of 20 mg glass fibre (a boro-
silicate; 30% of fibres 1.5–2.5 µm in diameter; maximum diameter, 7 µm; 60% > 20 µm
in length) [chemical composition not given], 20 mg glass powder (a borosilicate;
diameter < 8 µm) or 20 mg of one of two different samples of Canadian SFA chrysotile.
Rats were kept until natural death; the average survival times were 774, 751, 568 and
639 days for the groups treated with glass fibre, glass powder and the two chrysotile
samples, respectively. No injection-site tumour was observed in the group treated with
glass fibre; a single mesothelioma occurred in the group treated with glass powder (after
516 days). The incidences of tumours in the two groups treated with chrysotile were
23/36 and 21/32; the first deaths of animals with tumours occurred after 325 and 382
days (Wagner et al., 1973).


Three groups of 16 male and 16 female Wistar rats, 10 weeks of age, received
single intrapleural injections of 20 mg of a fine US JM 100 glass fibre (99% of fibres
< 0.5 µm in diameter; median diameter, 0.12 µm; 2% > 20 µm in length; median length,
1.7 µm) [chemical composition not given] or a coarser US JM 110 glass fibre (17% of
fibres < 1 µm in diameter; median diameter, 1.8 µm; 10% > 50 µm in length; median
length, 22 µm) [chemical composition not given] in 0.4 mL saline or saline alone.
Animals were kept until natural death; mean survival times were 716, 718 and 697
days, for the mice treated with fine fibres, coarse fibres and saline, respectively.
Between 663 and 744 days after inoculation, 4/32 animals given the finer glass fibre
had mesotheliomas. No pleural tumour occurred in animals treated with the coarser
glass fibre or in controls that received saline (Wagner et al., 1976).


Groups of 30–130 female Osborne-Mendel rats, 12–20 weeks old, received a single
intrathoracic implantation of one of 72 different types of natural and man-made mineral
fibres [chemical compositions not given], 19 of which were uncoated or resin-coated
glass fibres. The test substances were mixed in 10% gelatine, and 40 mg of each type of
glass in 1.5 mL gelatine was smeared on a coarse fibrous glass pledget which was
implanted into the left thoracic cavity. The rats were observed for 24 months after
treatment and were compared with untreated controls and controls implanted with the
pledget alone. The incidence of pleural mesothelioma in animals that survived for more
than 52 weeks varied from 0/28 to 20/29 depending on fibre size. The most carcinogenic
fibres were those < 1.5 µm in diameter and > 8 µm in length. When two of the glass
fibre preparations (diameter, > 0.25 µm) were leached to remove all elements except
silicon dioxide, the incidences of pleural mesotheliomas were 2/28 and 4/25 (Stanton et
al., 1977, 1981).


Groups of 32–45 male SPF Sprague-Dawley rats, three months of age, received
single intrapleural injections of 20 mg JM 104 glass fibre (mean length, 5.89 µm; mean
diameter, 0.229 µm) [chemical composition not given], 20 mg UICC chrysotile A
(mean dimensions, 3.21 µm × 0.063 µm), 20 mg UICC crocidolite (mean dimensions,
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3.14 µm × 0.148 µm) in 2 mL saline, or received 2 mL saline alone. Animals were kept
until natural death; the mean survival times for whole groups (and for animals with
tumours) were 513 (499), 388 (383), 452 (470) and 469 days, respectively. The inci-
dences of thoracic tumours were as follows: group that received glass fibre, 6/45 (meso-
theliomas); groups treated with chrysotile and crocidolite, 15/33 (1 carcinoma and 14
mesotheliomas) and 21/39 (mesotheliomas), respectively. No thoracic tumours
occurred in the 32 control animals (Monchaux et al., 1981).


Groups of 48 SPF Sprague-Dawley rats [sex and age unspecified] received single
intrapleural injections of 20 mg fibrous glass dusts in 0.5 mL saline or chrysotile in
0.5 mL saline. The dust samples used (and the size distributions of those fibres longer
than 1 µm) were: English glass fibre with resin coating (70% fibres < 5 µm in length;
85% < 1 µm in diameter), English glass fibre after removal of resin (57% < 5 µm in
length; 85% < 1 µm in diameter), US JM 100 glass fibre (88% < 5 µm in length;
98.5% ≤ 1 µm in diameter) [chemical composition not given] and UICC African
chrysotile [fibre sizes unspecified]. The animals were kept until natural death [survival
times unspecified]. One mesothelioma occurred in the group treated with English
glass fibre [whether coated or uncoated was not specified], four in the group treated
with JM 100 glass fibre and six in the group treated with chrysotile. No mesothelioma
was observed in a group of 24 controls treated with saline (Wagner et al., 1984).


3.4 Rock (stone) wool 


3.4.1 Inhalation exposure (see Table 61)


Rat: Groups of 24 male and 24 female Wistar IOPS AF/Han rats, eight to nine
weeks old, were exposed by inhalation to dust at concentrations of 5 mg/m3 (respirable
particles) of French (Saint-Gobain) resin-free rock (stone) wool [type of rock
unspecified] (40% of fibres < 10 µm in length, 23% < 1 µm in diameter) or a Canadian
chrysotile fibre (6% respirable fibres > 5 µm in length) for 5 h per day on five days per
week for 12 or 24 months. An unspecified number of rats was killed either immediately
after treatment or after a period of observation (of 7, 12 or 16 months after exposure for
animals exposed for 12 months; 4 months after exposure for those exposed for 24
months). No pulmonary tumour was observed in 47 rats treated with rock (stone) wool
or in 47 untreated controls; nine pulmonary tumours were seen in the 47 rats treated
with chrysotile (Le Bouffant et al., 1984). [The Working Group noted that, because of
the lack of survival data, the exact incidences of tumours could not be ascertained.]


Groups of 48 SPF Fischer rats [sex and age unspecified] were exposed by
inhalation to dust concentrations of approximately 10 mg/m3 resin-free rock (stone)
wool [type of rock unspecified] or UICC Canadian chrysotile for 7 h per day on five
days per week for 12 months. The size distribution of those airborne fibres longer than
5 µm was: 71% of rock (stone) wool fibres ≤ 20 µm in length, 58% ≤ 1 µm in diameter;
16% of chrysotile fibres ≥ 20 µm in length, 29% ≥ 0.5 µm in diameter. Six rats were
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Table 61. Inhalation studies on the carcinogenicity of rock (stone) wool and slag wool in rats


Test substance Fibre dimensions:
length (L), diameter
(D)


Dosing schedule/
cumulative
exposure
(mg/m³ × h)


Duration of exposure Period of
observation


No. of
animals
examined


No. of
animals
with
tumoursa


Histo-
logical
typeb


Median or
average
survival
time
(weeks)


Exposure by inhalation to respirable dust at a concentration of 5 mg/m3 rock (stone) wool (male and female Wistar rats, 8–9 weeks old) (Le Bouffant
et al., 1984)


French resin-
  free rock
  (stone) wool


40% fibres < 10 µm
length, 23% < 1 µm
diameter


ND 5 h/day, 5 days/week,
for 52 or 104 weeks


12–28 months 47   0 – NG


Canadian
  chrysotile


6% fibres > 5 µm
length


ND 5 h/day, 5 days/week,
for 52 or 104 weeks


12–28 months 47   9 9A NG


Control – – 5 h/day, 5 days/week,
for 52 or 104 weeks


12–28 months 47   0 – NG


Exposure by inhalation to respirable dust at a concentration of ∼10 mg/m3 rock (stone) wool (SPF Fischer rats) (Wagner et al., 1984)


Resin-free rock
  (stone) wool


71% fibres ≤ 20 µm
length, 58% ≤ 1 µm
diameter


17495 7 h/day, 5 days/week,
for 52 weeks


12 months–
lifetimec


48   2 2A NG


UICC Canadian
  chrysotile


16% fibres ≥ 20 µm
length, 29%
≥ 0.5 µm diameter


17499 7 h/day, 5 days/week,
for 52 weeks


12 months–
lifetimec


48 12 11AdCa
1A


NG


Control – – 7 h/day, 5 days/week,
for 52 weeks


12 months–
lifetimec


48   0 – NG
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Table 61 (contd)


Test substance Fibre dimensions:
length (L), diameter
(D)


Dosing schedule/
cumulative
exposure
(mg/m³ × h)


Duration of exposure Period of
observation


No. of
animals
examined


No. of
animals
with
tumoursa


Histo-
logical
typeb


Median or
average
survival
time
(weeks)


Exposure by nose-only inhalation to dust clouds (7.8 mg/m3) of slag wool (female Osborne-Mendel rats, 100 days old) (Smith et al., 1987)


Slag wool GML, 22 µm
GMD, 0.9 µm


200 fibres/cm3 6 h/day, 5 days/week,
for 104 weeks


Lifetimec   55   0 –   97


Crocidolite L, 5% > 5 µm 3000 fibres/cm3 6 h/day, 5 days/week,
for 104 weeks


Lifetimec   57   3 1M, 2 BT 109


Chamber
  controls


– – 6 h/day, 5 days/week,
for 104 weeks


Lifetimec   59   0 – 108


Room controls – – 6 h/day, 5 days/week,
for 104 weeks


Lifetimec 125   0 – 103


Exposure by nose-only inhalation to respirable dust at concentrations of 3, 16 and 30 mg/m³ rock (stone) wool (MMVF21) (male Fischer 344 rats,
8 weeks old) (McConnell et al., 1994)


Rock (stone)
  wool
  (MMVF21)


GML, 13.0 µm
GMD, 0.94 µm


  9 672 6 h/day, 5 days/week,
for 104 weeks


28 months 114   5 4A
1Ca


∼104


GML, 15.4 µm
GMD, 0.90 µm


50 232 6 h/day, 5 days/week,
for 104 weeks


28 months 115   5 4A
1Ca


∼104


GML, 14 µm
GMD, 0.98 µm


94 848 6 h/day, 5 days/week,
for 104 weeks


28 months 114   5 4A
1Ca


∼104


Crocidolite GML, 4.1 µm
GMD, 0.28 µm


13 000 6 h/day, 5 days/week,
for 44 weeks


28 months 106 14 10A
5Ca
1M


∼100


p
p
1
8
1
-
2
4
0
 
o
k
.
q
x
d
 
 
0
7
/
1
2
/
0
2
 
 
0
8
:
5
5
 
 
P
a
g
e
 
2
0
6







STU
D


IES O
F CA


N
CER IN


 EX
PERIM


EN
TA


L A
N


IM
A


LS
207


Table 61 (contd)


Test substance Fibre dimensions:
length (L), diameter
(D)


Dosing schedule/
cumulative
exposure
(mg/m³ × h)


Duration of exposure Period of
observation


No. of
animals
examined


No. of
animals
with
tumoursa


Histo-
logical
typeb


Median or
average
survival
time
(weeks)


Control – – 6 h/day, 5 days/week,
for 104 weeks


28 months 126   2 2A ∼104


Exposure by nose-only inhalation to respirable dust at concentrations of 3, 16 and 30 mg/m³ slag wool (MMVF22) (male Fischer 344 rats, 8 weeks old)
(McConnell et al., 1994)


Slag wool
  (MMVF22)


GML, 12.3 µm
GMD, 0.84 µm


  9 672 6 h/day, 5 days/week,
for 104 weeks


28 months 116   2 1A
1Ca


∼104


GML, 13.2 µm
GMD, 0.84 µm


50 232 6 h/day, 5 days/week,
for 104 weeks


28 months 115   0 ∼104


GML, 15.2 µm
GMD, 0.87 µm


93 288 6 h/day, 5 days/week,
for 104 weeks


28 months 115   3 2A
1Ca


∼104


Crocidolite GML, 4.1 µm
GMD, 0.28 µm


13 000 6 h/day, 5 days/week,
for 44 weeks


28 months 106 14 10A
5Ca
1M


∼100


Control – – 6 h/day, 5 days/week,
for 104 weeks


28 months 126   2 2A ∼104


NG, not given; GML, geometric mean length; GMD, geometric mean diameter
a Tumours of the lung, pleura, thorax or abdominal cavity
b A, adenoma; AdCa, adenocarcinoma; BT, bronchoalveolar tumour; Ca, relatively undifferentiated epidermoid carcinoma; M, mesothelioma
c Lifetime, until survival rate was ≤ 20%
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removed from each group at the end of the exposure period to study dust retention, and
a similar number of animals was killed one year later for the same purpose. The
remainder were kept until natural death [survival times not reported]. During the period
500–1000 days after the start of exposure, lung adenomas (1 with some malignant
features) occurred in 2/48 rats in the group treated with rock (stone) wool; 11 adeno-
carcinomas and one adenoma (with some malignant features) were observed in 48 rats
treated with chrysotile. No lung tumour was observcd in a group of 48 untreated
controls (Wagner et al., 1984). [The Working Group noted that, because of inadequate
data on survival, the exact tumour incidences could not be established.]


Groups of 140 male Fischer 344 rats, eight weeks of age, were exposed in nose-only
inhalation chambers to rock (stone) wool (MMVF21) at concentrations of 3, 16 or
30 mg/m3 for 6 h per day on five days per week for 104 weeks. These concentrations
corresponded to average numbers of WHO fibres/cm3 of 34, 150 and 243 and numbers
of fibres > 20 µm long of 13, 74 and 114, respectively. The geometric mean diameter of
the test fibres was about 0.95 µm and the geometric mean of the fibre length was about
14 µm. The retained lung burdens/mg of dry lung tissue after 24 months were: 242 × 103


WHO fibres and 39.5 × 103 fibres > 20 µm for the 30 mg/m3 dose, 217 × 103 and 25.6
× 103, respectively, for the 16 mg/m3 dose and 55.7 × 103 and 9.0 × 103, respectively, for
the 3 mg/m3 dose. A subsequent post-exposure period lasted until approximately 20% of
the animals in the air-control group survived which occurred at approximately 28
months. Mortality of the treated animals was similar to that of unexposed control
animals. Four lung adenomas and one lung carcinoma each were observed among 114,
115 and 115 rats in the 3 mg/m3, 16 mg/m3 and 30 mg/m3 dose groups, respectively. In
the control group, two adenomas were observed in 126 rats. A positive control group
was treated with crocidolite asbestos (10 mg/m3) with a geometric mean diameter of
0.28 µm, determined by SEM, and a geometric mean length of 4.1 µm, determined by
light microscopy. [The Working Group noted that exposure to crocidolite asbestos was
terminated after 10 months because of increased morbidity and mortality.] The lung
burden/mg dry lung tissue retained after 104 weeks was 759 × 103 WHO fibres and
41.1 fibres × 103 > 20 µm. Ten pulmonary adenomas, five pulmonary carcinomas and
one mesothelioma were reported among 106 crocidolite-treated rats (McConnell et al.,
1994).


3.4.2 Intratracheal instillation (see Table 62)


(a) Rat
Groups of 40–59 female Wistar rats, 15 weeks of age, were treated by intratracheal


instillation with 5 mg (10 weekly doses of 0.5 mg each) and 10 mg (20 weekly doses of
0.5 mg each) of a rock (stone) wool suspension and were then observed for 131 weeks.
The low-dose group was exposed to a total of 4 × 106 fibres and the high-dose group, to
8 × 106 fibres (length, > 5 µm; diameter, < 2 µm; aspect ratio > 5:1) [chemical compo-
sition and size distribution not given]. At the end of the experiment, the lungs were
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Table 62. Carcinogenicity studies on the intratracheal instillation of rock (stone) wool in rats and hamsters


Substance Instillation
schedule
(if > 1 injection/
week)


Total
number
of fibres


Observation
period
(weeks)


No. of animals
with tumours/
no. of animals
examineda,b


Histological
typesc


Comments Reference


Rock (stone) wool 5 mg
(10 × 0.5 mg)


d4 × 106 131 0/59 rats
5/59 rats


PLT
OLT


Pott et al.
(1994)


Rock (stone) wool 10 mg
(20 × 0.5 mg)


d8 × 106 131 0/40 rats
4/40 rats


PLT
OLT


Control Saline solution
(20 × 0.4 mL)


131 0/40 rats
2/40 rats


PLT
OLT


Tremolite
  (positive control)


2.5 mg
(5 × 0.5 mg)


d70 × 106 131 3/38 rats
6/38 rats


PLT
OLT [p = 0.023]e


Tremolite
  (positive control)


7.5 mg
(15 × 0.5 mg)


d300 × 106 131 8/37 rats
4/37 rats


PLT
OLT


[p = 0.0025]e


Rock (stone) wool 10 mg
(5 × 2 mg)


104 0/20 hamsters – GML, 296 µm
GMD, 6.1 µm


Adachi et al.
(1991)


Control Saline solution 104 0/20 hamsters –


GML, geometric mean length; GMD, geometric mean diameter
a Female Syrian hamsters, ∼ 80 g
b Female Wistar rats, 15 weeks of age
c PLT, primary lung tumours: adenomas, adenocarcinomas, squamous cell tumours and cystic keratinizing squamous-cell tumours; OLT,
other lung tumours: fibrosarcomas, lymphosarcomas, mesotheliomas or lung metastases from tumours at other sites
d D < 2 µm; L > 5 µm; aspect ratio > 5:1
e Versus control group treated with saline solution
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perfused with formalin and examined histopathologically. None of the 59 rats treated
with 5 mg of the suspension developed a primary lung tumour, but other lung tumours
(fibrosarcomas, lymphosarcomas, mesotheliomas and lung metastases from tumours at
other sites) were found in 5/59 rats. In the group that received 10 mg of the suspension,
no primary lung tumours were observed in 40 rats; 4/40 animals had other lung tumours.
A control group (40 rats) was treated with 20 weekly injections of 0.4 mL saline solution.
No primary lung tumours were observed; other lung tumours were found in 2/40 rats. In
a positive-control group, 38 and 37 female Wistar rats were injected intratracheally with
tremolite: 2.5 mg (5 doses of 0.5 mg each) or 7.5 mg (15 doses of 0.5 mg each). [No
information was given on the fibre dimensions.] The total number of fibres in the low
dose was 70 × 106 and in the high dose, it was 300 × 106 fibres (length, > 5 µm; diameter,
< 2 µm; aspect ratio, > 5:1). In the group that received the low dose, three primary
tumours of the lung and six other tumours of the lung were observed in the 38 rats
examined. In the group that received the high dose, the numbers were eight primary
tumours of the lung and four other tumours of the lung in 37 rats (Pott et al., 1994). 


(b) Hamster
A group of 20 female Syrian hamsters (weight, 80 g) was injected intratracheally


with 2 mg rock (stone) wool suspended in 0.2 ml saline once a week for five weeks.
The average diameter of the fibres was 6.1 µm and the average length was 296 µm.
Two years after the first administration, all hamsters were killed and routine autopsies
were performed. No tumours were reported in the treated group or in a control group
of 20 hamsters (Adachi et al., 1991). [The Working Group noted that the relevance of
this study is limited because of the very long and thick fibres used in this experiment.]


3.4.3 Intraperitoneal injection (see Table 63)


Rat: Groups of female Sprague-Dawley rats [initial numbers unspecified], eight
weeks of age, received three weekly intraperitoneal injections of 75 mg Swedish rock
(stone) wool [type of rock unspecified] (median fibre length, 23 µm; median diameter,
1.9 µm), a single injection of 10 mg of a fine fraction prepared from the rock (stone)
wool sample (median fibre length, 4.1 µm; diameter, 0.64 µm) or 40 mg (two injections)
of granular volcanic ash from Mount St Helen’s in 2 mL saline solution. The median
survival times were 77, 97 and 93 weeks for the animals given the 75 mg and 10 mg
doses of rock (stone) wool and volcanic ash, respectively; the median lifespan of a
control group that received two injections of 2 mL saline was 94 weeks. A high inci-
dence of tumours in the abdominal cavity was observed following treatment with 75 mg
of the original rock (stone) wool sample: (45/63; lifespan of first animals with tumour,
39 weeks) and a slight increase in tumour incidence in animals treated with 10 mg of the
fine fraction (6/45; first tumour after 88 weeks) compared with a tumour incidence of
3/54 in the groups of controls treated with volcanic ash and saline (Pott et al., 1987).
[The thicker and longer fibres induced more tumours than the thinner and shorter ones.]
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Table 63. Carcinogenicity studies on the intraperitoneal injection of fibres of rock (stone) and slag wool in rats


Test substance Injection
schedule
(weekly
intervals)


No. of fibres
L > 5 µm and
differences
from WHO
definitiona


L (µm); D (µm);
L/D > 3/1 (median
of all lengths, all
diameters);
different fibre
definitions statedb


Observation
period
(weeks),
strain,
genderc


Median
survival
time
(weeks)


No. of rats
with
tumoursd/
no. of rats
examined


Histo-
logical
tumour
typese


Comments Reference


Rock (stone) wool


Rock (stone)
wool (Sweden)


3 × 25 mg NG L, 23; D, 1.9 134, SpD, F   77 45/63 meso/sarc [p < 0.001] Pott et al.
(1987)


Rock (stone)
wool (Sweden),
fine


1 × 10 mg NG L, 4.1; D, 0.64 134, SpD, F   97 6/45 meso/sarc


Volcanic ash 2 × 20 mg (granular dust control)j 134, SpD, F   93 3/54 meso/sarc


Saline control 5 × 2 mL (saline control) 134, SpD, F   94 3/54 meso/sarc


Rock (stone)
wool


1 × 25 mg NG NG 104, SpD, M
and F


NG 3/40 meso duration of study
104 weeks
[results not
conclusive]


Maltoni &
Minardi
(1989)


Water control NG (water control) 0/40


Basalt wool,
G & H


5 × 15 mg 59 × 106


WHO with
L/D > 5/1


L, 17; D, 1.1


L/D > 5/1


111 (death of
last rat), W,
F


  79 30/53 meso/sarc strong adhesions
of the abdominal
organs
[p < 0.0001]


Pott et al.
(1989)


Titanium
dioxide


5 × 20 mg (granular dust control)j 130, W, F 109 2/53 meso/sarc


Saline control 5 × 2 mL (saline control) 130, W, F 111 2/102 meso/sarc
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Table 63 (contd)


Test substance Injection
schedule
(weekly
intervals)


No. of fibres
L > 5 µm and
differences
from WHO
definitiona


L (µm); D (µm);
L/D > 3/1 (median
of all lengths, all
diameters);
different fibre
definitions statedb


Observation
period
(weeks),
strain,
genderc


Median
survival
time
(weeks)


No. of rats
with
tumoursd/
no. of rats
examined


Histo-
logical
tumour
typese


Comments Reference


Basalt wool,
G & H


1 × 25 mg 5 × 106;
L/D > 5/1;
L > 5;
D < 2 µm


L, 13.8; D, 1.08
L/D > 5/1


130, W, F 110 1/38 meso/sarc lung infection
months 12–13;
mortality 10 of
48 at start


Pott et al.
(1991)


Basalt wool,
G & H


5 × 30 mg 30 × 106; L/D
> 5/1; L > 5;
D < 2 µm


L, 13.8; D, 1.08


L/D > 5/1


130, W, F   84 15/21 meso/sarc lung infection
months 12–13;
mortality 15 of
36 at start
[p < 0.001]


Carbon,
activated


5 × 50 mg (granular dust control)j 131, W, F 122 1/25 meso/sarc lung infection
months 12–13;
mortality 11 of
36 at start


Saline control 5 × 2 mL (saline control) 130, W, F 106 2/50 meso/sarc lung infection
months 12–13;
mortality 22 of
72 at start


Nikitina
et al. (1989)


Basalt
‘superthin’


2 × 25 mg  NG 17% with L > 5
and D < 3


Lifetime 5/40 meso proportion of
fibres 12%
of nonfibres
particles 88%
[p < 0.006]
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Table 63 (contd)


Test substance Injection
schedule
(weekly
intervals)


No. of fibres
L > 5 µm and
differences
from WHO
definitiona


L (µm); D (µm);
L/D > 3/1 (median
of all lengths, all
diameters);
different fibre
definitions statedb


Observation
period
(weeks),
strain,
genderc


Median
survival
time
(weeks)


No. of rats
with
tumoursd/
no. of rats
examined


Histo-
logical
tumour
typese


Comments Reference


Basalt
‘ultrathin’


2 × 25 MG NG 41% with L > 5
and D < 3


Lifetime 7/50 meso [P < 0.01]


Chrysotile 2 × 25 MG NG 76% with L > 5
and D < 3


Lifetime 27/60 meso [P < 0.001]


Saline control (saline control)j 0/110


M-stone f 1 × 8.5 mg 100 × 106 L, 10.1; D, 0.84;
L/D > 5/1


130, W, F 104 2/32 meso [p = 0.030] Davis et al.
(1996b);
Roller et al.
(1996)


M-stone f 1 × 8.5 mg 100 × 106 L, 10.1; D, 0.84;
L/D > 5/1


130, W, M   90 2/36 meso [p = 0.037]


M-stone f 1 × 25.5 mg 300 × 106 L, 10.1; D, 0.84;
L/D > 5/1


130, W, F 103 9/32 meso [p = 0]


M-stone f 1 × 25.5 mg 300 × 106 L, 10.1; D, 0.84;
L/D > 5/1


130, W, M   93 8/36 meso [p = 0]


M-stone f 2 × 42.5 mg 1000 × 106 L, 10.1; D, 0.84;
L/D > 5/1


130, W, M   90 22/35 meso [p = 0]


B-20-2.0 f, g 1 × 6 mg 80 × 106 L, 7.8; D, 0.77;
L/D > 5/1


130, W, F 105 2/32 meso [p = 0.030]
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Table 63 (contd)


Test substance Injection
schedule
(weekly
intervals)


No. of fibres
L > 5 µm and
differences
from WHO
definitiona


L (µm); D (µm);
L/D > 3/1 (median
of all lengths, all
diameters);
different fibre
definitions statedb


Observation
period
(weeks),
strain,
genderc


Median
survival
time
(weeks)


No. of rats
with
tumoursd/
no. of rats
examined


Histo-
logical
tumour
typese


Comments Reference


B-20-2.0 f, g 1 × 6 mg 80 × 106 L, 7.8; D, 0.77;
L/D > 5/1


130, W, M 119 15/36 meso [p = 0]


B-20-2.0 f, g 1 × 18 mg 240 × 106 L, 7.8; D, 0.77;
L/D > 5/1


130, W, F   96 7/32 meso [p = 0]


B-20-2.0 f, g 1 × 18 mg 240 × 106 L, 7.8; D, 0.77;
L/D > 5/1


130, W, M 107 12/34 meso [p = 0]


B-20-2.0 f, g 2 × 30 mg 800 × 106 L, 7.8; D, 0.77;
L/D > 5/1


130, W, M   88 21/35 meso [p = 0]


Crocidolite 5 × 0.1 mg 42 × 106 L, 1.8; D, 0.19;
L/D > 5/1


130, W, F   85 25/32 meso


Crocidolite 5 × 0.1 mg 42 × 106 L, 1.8; D, 0.19;
L/D > 5/1


130, W, M   89 32/48 meso


Silicon carbide 5 × 50 mg (granular dust control)j 130, W, F 105 1/47 meso


Silicon carbide 5 × 50 mg (granular dust control)j 130, W, M 109 0/71


Silicon carbide 20 × 50 mg (granular dust control) j 130, W, F 107 0/45


Silicon carbide 20 × 50 mg (granular dust control) j 130, W, M 104 0/70


Saline control 20 × 2 mL (saline control) j 130, W, F 110 0/93


Saline control 20 × 2 mL (saline control) j 130, W, M 103 1/69 meso


p
p
1
8
1
-
2
4
0
 
o
k
.
q
x
d
 
 
0
7
/
1
2
/
0
2
 
 
0
8
:
5
5
 
 
P
a
g
e
 
2
1
4







STU
D


IES O
F CA


N
CER IN


 EX
PERIM


EN
TA


L A
N


IM
A


LS
215


Table 63 (contd)


Test substance Injection
schedule
(weekly
intervals)


No. of fibres
L > 5 µm and
differences
from WHO
definitiona


L (µm); D (µm);
L/D > 3/1 (median
of all lengths, all
diameters);
different fibre
definitions statedb


Observation
period
(weeks),
strain,
genderc


Median
survival
time
(weeks)


No. of rats
with
tumoursd/
no. of rats
examined


Histo-
logical
tumour
typese


Comments Reference


B-20-06 f, l 1 × 3.5 mg 400 × 106 L, 3.6; D, 0.30;
L/D > 5/1


130, W, F 103 12/40
(6 macr.h)


meso final histol.:
11 rats with
mesok [p = 0]


Davis et al.
(1996b);
Roller et al.
(1996)


B-20-06 f, l 1 × 8.5 mg 1000 × 106 L, 3.6; D, 0.30;
L/D > 5/1


130, W, F   96 17/40
(5 macr.h)


meso final histol.:
19 rats with
mesok [p = 0]


B-20-06 f, l 1 × 25 mg 3000 × 106 L, 3.6; D, 0.30;
L/D > 5/1


130, W, F   79 30/40 meso final histol.:
31 rats with
mesok [p = 0]


B-20-06 f, l 3 × 25 mg 9000 × 106 L, 3.6; D, 0.30;
L/D > 5/1


130, W, F   38 27/31 meso final histol.:
27 rats with
mesok [p = 0]


Saline control 3 × 2 mL (saline control) 130, W, F 121 0/38 final histol.:
0 rat with mesok


Tremolite 1 × 3.3 mg 57 × 106 L, 3.4; D, 0.29 130,W, F   98 10/39 meso


Tremolite 1 × 15 mg 260 × 106 L, 3.4; D, 0.29 130, W, F   74 30/40 meso


MMVF21 f, g 2 × 30 mg 400 × 106 L, 16.9; D, 1.02;
L/D > 5/1


130, W, F   54 37/38 meso final histol.:
37 rats with
mesok [p = 0]


Davis et al.
(1996b);
Roller et al.
(1996)
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Table 63 (contd)


Test substance Injection
schedule
(weekly
intervals)


No. of fibres
L > 5 µm and
differences
from WHO
definitiona


L (µm); D (µm);
L/D > 3/1 (median
of all lengths, all
diameters);
different fibre
definitions stated b


Observation
period
(weeks),
strain,
genderc


Median
survival
time
(weeks)


No. of rats
with
tumoursd/
no. of rats
evaluated


Histo-
logical
tumour
types e


Comments Reference


MMVF21 f, g 5 × 30 mg 1000 × 106 L, 16.9; D, 1.02;
L/D > 5/1


130, W, F   51 33/38 meso final histol.:
33 rats with
mesok [p = 0]


R-stone-E3 f, i 4 × 28.5 mg 400 × 106 L, 16.9; D, 1.03;
L/D > 5/1


130, W, F 120 0/30 final histol.:
0 rat with mesok


[p = 1]


R-stone-E3 f, i 9 × 28.5 mg 900 × 106 L, 16.9; D, 1.03;
L/D > 5/1


130, W, F 120 4/35 (4
macr.h)


meso final histol.:
1 rat with mesok


[p = 0.0005]


Crocidolite 5 × 0.1 mg 42 × 106 L, 1.8; D, 0.19;
L/D > 5.1


130, W, F 100 20/39 meso


Untreated
control


(untreated control) 130, W, F 115 0/37 final histol.: 0 rat with meso.k


MMVF21 183.1 mg 109 Lifetime or
until signs of
debilitation,
W, M


  40 19/20 meso Miller et al.
(1999)


Amosite 6.1 mg 109 Lifetime or
until signs of
debilitation,
W, M


  73 21/24 meso
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Table 63 (contd)


Test substance Injection
schedule
(weekly
intervals)


No. of fibres
L > 5 µm and
differences
from WHO
definitiona


L (µm); D (µm);
L/D > 3/1 (median
of all lengths, all
diameters);
different fibre
definitions statedb


Observation
period
(weeks),
strain,
genderc


Median
survival
time
(weeks)


No. of rats
with
tumoursd/
no. of rats
examined


Histo-
logical
tumour
typese


Comments Reference


Slag wool


Slag wool
Rheinstahl


2 × 20 mg NG L, 26; D, 2.6;
L/D > 5/1


158, W, F 111 6/99 meso/sarc Pott et al.
(1987)


Slag wool
Zimmermann


2 × 20 mg NG L, 14; D, 1.5;
L/D > 5/1


155, W, F 107 2/96 meso/sarc


Saline control 2 × 2 mL (saline control) 150, W, F 101 0/48


Slag wool 5 × 30 mg 250 × 106;
L/D > 5/1;
L > 5 µm;
D < 2 µm


L, 9.0; D, 1.21;
L/D > 5/1


131, W, F 106 2/28 meso/sarc lung infection
months 12–13;
mortality 8 of 36
at start


Pott et al.
(1991)


Saline control 5 × 2 mL (saline control) 130, W, F 106 2/50 meso/sarc lung infection
months 12–13;
mortality 22 of
72 at start


MMVF22 f, m 1 × 20 mg 400 × 106 L, 8.7; D, 0.77;
L/D > 5/1


130, W, F   99 4/40
(3 macr.h)


meso final histol.:
5 rats with mesok


Davis et al.
(1996b);
Roller et al.
(1996)


MMVF22 f, m 1 × 50 mg 1000 × 106 L, 8.7; D, 0.77;
L/D > 5/1


130, W, F 8/40 meso final histol.:
8 rats with mesok
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Table 63 (contd)


Test substance Injection
schedule
(weekly
intervals)


No. of fibres
L > 5 µm and
differences
from WHO
definitiona


L (µm); D (µm);
L/D > 3/1 (median
of all lengths, all
diameters);
different fibre
definitions statedb


Observation
period
(weeks),
strain,
genderc


Median
survival
time
(weeks)


No. of rats
with
tumoursd/
no. of rats
examined


Histo-
logical
tumour
typese


Comments Reference


MMVF22 f, m 3 × 50 mg 2900 × 106 L, 8.7; D, 0.77;
L/D > 5/1


130, W, F 101 18/38 meso final histol.:
18 rats with
mesok


Saline control 3 × 2 mL (saline control) 130, W, F 121 0/38 Final histol.:
0 rat with mesok


Tremolite 1 × 3.3 mg 57 × 106 L, 3.4; D, 0.29 130, W, F   98 10/39 meso


Tremolite 1 × 15 mg 260 × 106 L, 3.4; D, 0.29 130, W, F   74 30/40 meso


MMVF22 129.6 mg 109 Lifetime or
until signs of
debilitation,
W, M


  94 13/24 meso


Amosite 6.1 mg 109 Lifetime or
until signs of
debilitation,
W, M


  73 21/24 meso


Miller et al.
(1999)
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Table 63 (contd)


G & H, Grünszweig & Hartmann; NG, not given; lifetime, until survival rate is ≤ 20%.
a Aspect ratio > 5/1 in Pott et al. (1989, 1991) and Roller et al. (1996); diameter < 2 µm in Pott et al. (1991) and Roller et al. (1996)
b Aspect ratio > 5/1 in Pott et al. (1989, 1991) and Roller et al. (1996)
c SpD, Sprague Dawley; W, Wistar; M, male; F, female; period of observation after first injection
d Calculated from the stated percentage for some groups
e Correct histopathological diagnosis of tumours of the abdominal cavity requires considerable experience. Differential diagnoses of sarcomatous meso-
thelioma, sarcoma (sarc) and metastases of uterus carcinoma have to be considered in addition to other rare tumour types. Such experience was available for
the large study by Roller et al. (1996) at which time it was clear that only mesotheliomas (meso) could be attributed to fibrous dusts. In this study, when
mesotheliomas were excluded, 49 tumours of the uterus and 18 other tumours were found in the abdominal cavity of 406 female rats (4.4%) and 32 tumours
in 661 male rats (4.8%). Three histopathologists with experience in the pathology of rodent neoplasia reviewed a large series of slides from this study of
which a few presented some diagnostic difficulty. This most commonly involved uterine adenocarcinoma with widespread peritoneal metastases. There was
good agreement among the histopathologists on the percentage or absence of malignant mesothelioma. In most cases, these neoplasms appeared similar to
other malignant mesotheliomas that have been induced in this animal model. The initial diagnoses were unanimous in 85% of the cases. Following
discussion, final agreement was reached in 99% of the cases. A comparison of the final diagnosis made by the panel with the original diagnosis made at the
Fraunhofer Institute revealed agreement in 98% of the cases (Davis et al. 1996b). A summary of former results of Pott et al. showed tumours in the
abdominal cavity in 23 of 886 female Wistar rats (tumours of the uterus were excluded as far as possible) after intraperitoneal administration of non-fibrous
dusts or fibres thicker than 3 µm (2.6 %). After injection of saline, tumours were reported in the abdominal cavity in 13 of 491 rats (2.6%) (Pott et al., 1993).
f The chemical composition was published in Roller et al. (1996) and a description of the experimental method in Pott et al. (1993).
g This experimental vitreous fibre was produced with a chemical composition analogous to early commercial rock (stone) wool fibres.
h Rats with abdominal tumours were diagnosed only macroscopically at the time of publication.
i This experimental vitreous fibre had a chemical composition expected to have a low biodurability and, consequently, a low carcinogenic potential.
j Statistical test performed versus the control group(s) in italics or their sum
k The final data on the histopathological findings were used for calculation of the dose–response relationships and published subsequently (Roller et al., 1997;
Roller & Pott, 1998).
l Same chemical composition as B-20-2.0 (similar to rock (stone) fibres, see footnote g), but with shorter lengths and smaller diameters
m This experimental vitreous fibre was produced with a chemical composition analogous to early commercial slag wool fibres.
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Groups of 20 male and 20 female Sprague-Dawley rats, 6–8 weeks of age, received
an intraperitoneal injection of 25 mg rock (stone) wool fibres [type not specified; no
information on size was given for the test material] and were killed after 104 weeks.
A complete autopsy was performed on all animals together with a histopathological
examination of the peritoneum. Mesotheliomas were reported in 3/40 rats. The average
latency time was 80 weeks. The control animals were injected with water and no
tumours were reported (Maltoni & Minardi, 1989). [The Working Group noted that the
results are not conclusive as the number of fibres administered and other important
details were not presented.]


Female Wistar rats [initial numbers not specified], eight weeks of age, received five
weekly intraperitoneal injections of 15 mg of a basalt wool (total dose, 75 mg) [produced
by Grünzweig and Hartmann, Germany, chemical composition not given]. The median
length of the fibres was 17 µm and the median diameter was 1.1 µm. The total number
of WHO fibres (with L/D > 5/1) injected was 59 × 106. The median life-span was 79
weeks after first treatment. A post-mortem examination of the abdominal cavity was
made. Parts of tumours or organs in which macroscopic tumour tissue was found were
investigated by histopathological examination. Mesotheliomas were diagnosed in 30/53
treated animals (lifespan of first animal with tumour, 54 weeks). In a control group that
received five weekly injections of saline, mesothelioma was observed in 2/102 animals
and the median lifespan was 111 weeks after first treatment, showing a clear increase in
the mortality of the fibre-treated group. In a further group of rats, treated with 100 mg
titania, the median survival time was 109 weeks and 2/53 rats had mesotheliomas or
sarcomas (Pott et al., 1989)


In a chronic study, three groups of rats [age, sex and strain not specified] received
two monthly intraperitoneal injections of 25 mg of basalt or chrysotile asbestos dusts
suspended in saline [chemical composition of dust was not given]. Forty animals in the
first group received basalt dust (17% of the dust fibres had length > 5 µm and diameter
< 3 µm). Fifty animals of the second group received basalt dust (41% of the dust fibres
had length > 5 µm and diameter < 3 µm). Sixty rats in the third group were injected with
chrysotile asbestos dust. Fibres with length > 5 µm and diameter < 3 µm comprised 76%
of the fibre fraction of the asbestos dust. The granular fractions of all dusts varied from
87.9%–88.9%. Control animals (110 rats) were injected intraperitoneally with the saline
solution alone. Animals were observed for life. All the materials tested induced peri-
toneal mesotheliomas. The numbers were 5/40, 7/50 and 27/60 rats in the first basalt
dust-, second basalt dust- and chrysotile asbestos-treated groups, respectively. No meso-
theliomas were found in control animals (Nikitina et al., 1989).


Female Wistar rats [initial numbers not specified], weighing approximately 190 g,
received a single intraperitoneal injection of 25 mg or five weekly injections of 30 mg
(total dose, 150 mg) basalt wool (produced by Grünzweig & Hartmann, Germany)
[chemical composition not given]. The median length of the fibres was 13.8 µm and the
median diameter was 1.08 µm. The numbers of fibres injected (length, > 5 µm; diameter,
< 2 µm; aspect ratio, > 5:1) were 5 × 106 and 30 × 106, respectively. The survival time
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was much reduced by an infectious disease of the lungs during months 12 and 13 of the
study, the cause of which could not be unequivocally determined. In the low-dose group,
10/48 rats died from the infection and 15/36 in the high-dose group. The mean lifespan
was 110 weeks in the low-dose group and 84 weeks in the high-dose group. For those
rats that developed tumours, the mean lifespan was 128 weeks in the low-dose group
and 89 weeks in the high-dose group. Macroscopic tumours were observed in 1/38 rats
in the low-dose group and in 15/21 rats in the high-dose group. A control group of 72
rats was treated with five weekly injections of 2 mL saline solution. Of these animals,
22 died from the infection and the median lifespan was 106 weeks. Two of the remaining
50 rats developed an abdominal tumour (Pott et al., 1991). [The Working Group found
it difficult to interpret the study since the impact of the infection was unknown.]


Four groups of 40 female Wistar rats, 8–10 weeks of age, received intraperitoneal
injections of one of two rock (stone) wools (MMVF21 and R-stone E3) suspended in
2 mL saline administered as two or five weekly injections of 30 mg MMVF21, or four
or nine weekly injections of 28.5 mg of R-stone E3. A negative-control group of 40
female Wistar rats received no treatment and a positive-control group of 40 female rats
received five intraperitoneal injections of 0.1 mg of a UICC crocidolite sample. The
animals were observed up to 130 weeks after first injection. The doses, dose schedules
and characteristics of all the fibres tested are given in Table 63, together with data on
median survival and incidence of mesotheliomas. The incidences of mesotheliomas
were: 37/38 and 33/38 in the rats treated with MMVF21; 0/30 and 4/35 in the rats
treated with R-stonewool E3; 20/39 in the rats treated with crocidolite; and 0/37 in
untreated control rats (Pott et al., 1993; Davis et al., 1996b; Roller et al., 1996).


A further experiment was reported as part of this study. Five groups of 32–36 male
or 32–36 female Wistar rats, 8–10 weeks of age, were administered M-stone (a typical
rock (stone) wool; Manville Technical Center, Denver, CO, USA; median length of the
fibres was 10.1 µm and the median diameter was 0.84 µm) in 2 mL saline. The rats
received either single intraperitoneal injections of 8.5 or 25.5 mg (males and females) or
two injections (at a two-week interval) of 42.5 mg (males only). Five other groups of
32–36 male or 32–36 female Wistar rats, 8–10 weeks of age, received intraperitoneal
injections of experimental rock (stone) wool B-20-2.0 (Bayer, Germany; median length
of the fibres was 6.6 µm and the median diameter was 0.83 µm) suspended in 2 mL
saline and administered as a single injection of 6 or 18 mg (males and females) or as two
weekly injections of 30 mg (males only). Animals were observed for up to 130 weeks.
A control group of 96 female and 72 male Wistar rats received 20 weekly intraperitoneal
injections of 2 mL saline alone. Macroscopic tumours were investigated histopatho-
logically. The incidence of peritoneal mesotheliomas in the five groups treated with
M-stone was 2/32, 2/36, 9/32, 8/36 and 22/35. In the groups treated with B-20-2.0,
mesotheliomas were observed in 2/32 females and 15/36 males in the low-dose group,
7/32 females and 12/34 males in the mid-dose group and in 21/35 animals that received
the high dose. In the control group treated with saline, no tumour was observed in any
of the 93 females and a mesothelioma was observed in one of the 69 males. Two groups
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of positive control animals (one female and one male) received five weekly
intraperitoneal injections of 0.1 mg UICC crocidolite. The median length of the fibres
was 1.8 µm and the median diameter 0.19 µm. Mesotheliomas were observed in 25/32
females and 32/48 males examined. Two groups of negative-control animals (48 female
and 72 male Wistar rats) received 20 weekly intraperitoneal injections of 50 mg granular
silicon carbide. No mesotheliomas were observed in any of the 45 female or 70 male rats
examined (Pott et al., 1993; Davis et al., 1996b; Roller et al., 1996). 


An additional experiment performed as part of the same study was also reported.
Four groups of 40 female Wistar rats, 8–10 weeks of age, received intraperitoneal injec-
tions of experimental rock (stone) wool B-20-0.6 (Bayer, Germany) suspended in 2 mL
saline either as a single injection of 3.5, 8.5 or 25 mg or as three weekly injections of
25 mg. A negative-control group consisted of 40 female Wistar rats that received three
intraperitoneal injections of 2 mL saline alone and two groups of positive controls
received injections of either 3.3 or 15 mg tremolite (Libby, Montana). The incidences of
mesotheliomas were: 12/40, 17/40, 30/40 and 27/31 in the rats treated with B-20-0.6;
10/39 and 30/40 in the rats treated with tremolite compared to 0/38 in the control rats
treated with saline (Pott et al., 1993; Davis et al., 1996b; Roller et al., 1996).


Groups of about 24 male Wistar rats, approximately 12 weeks of age, received two
injections of MMVF21 of a mass dose of 183.1 mg suspended in buffered saline. The
target dose was 109 WHO fibres; the number of fibres with length > 5 µm was 0.8 × 109


per rat and the diameters were < 0.95 µm and > 0.95 µm. Animals were kept for life or
until they showed signs of debilitation. At autopsy, the peritoneal contents were
examined macroscopically for the presence of peritoneal mesotheliomas. In addition,
specimens from the first six animals to develop mesotheliomas were taken for histo-
pathological examination. The median survival time was 281 days. The median survival
time of rats that developed mesotheliomas was 284 days. An abdominal mesothelioma
was diagnosed in 19/20 animals examined. Tumours were diagnosed by the macroscopic
presence of peritoneal mesotheliomas and by microscopy when the diagnosis was in
doubt. In a group of positive controls, male Wistar rats were treated with 6.1 mg amosite
fibres with the same target concentration of 109 WHO fibres. About 99% of the fibres
had diameters below 0.95 µm. Mesotheliomas were observed in 21/24 of the rats in this
group (Miller et al., 1999). [The Working Group noted that no vehicle control group was
included in this study.]


3.4.4 Intrapleural injection


Rat: Groups of 48 SPF Sprague-Dawley rats [sex and age unspecified] received
single intrapleural injections of 20 mg Swedish rock (stone) wool [type of rock
unspecified] or chrysotile in 0.5 mL saline. The dust samples used (and the size distri-
butions of fibres) were: Swedish rock (stone) wool with resin coating (70% fibres
< 5 µm in length; 52% < 0.6 µm in diameter), Swedish rock (stone) wool after removal
of resin (70% < 5 µm in length; 58% < 0.6 µm in diameter) and UICC African
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chrysotile [fibre sizes unspecified]. The animals were kept until natural death [survival
times unspecified]. Three mesotheliomas occurred in the group treated with rock
(stone) wool with resin and two in the group treated with rock (stone) wool without
resin; six mesotheliomas occurred in the group treated with chrysotile. No tumour was
observed in a group of 24 controls treated with saline (Wagner et al., 1984).


3.5 Slag wool


3.5.1 Inhalation exposure (see Table 61)


Rat: A group of 55 female Osborne-Mendel rats, 100 days of age, was exposed by
inhalation (nose only) to slag wool dust [type of slag unspecified] (mass concentration,
7.8 mg/m3; 15.2% respirable fibres — geometric mean diameter, 0.9 µm; geometric
mean length, 22 µm; chamber concentration, 200 fibres/cm3 with 76 fibres > 10 µm in
length and ≤ 1.0 µm in diameter) for 6 h per day on five days per week for two years
and then observed for life. Groups of 59 chamber and 125 room controls were also kept.
No tumour of the respiratory tract was observed in any group. Average survival time in
the group treated with slag wool was shorter (677 days) than that of chamber (754 days)
and room (724 days) controls. Of 57 rats exposed to UICC crocidolite (3000 fibres/cm3;
5% fibres ≥ 5 µm in length; mean, 3.1 ± 10.2 µm), two developed bronchoalveolar
tumours and one, a mesothelioma (Smith et al., 1987). [No information was given on
chemical composition of the slag wool or on animal respirability. The number of slag
wool fibres retained was relatively low.]


Groups of 140 male Fischer 344 rats, eight weeks of age, were exposed in nose-
only inhalation chambers to three concentrations (3, 16 and 30 mg/m3) of slag wool
(MMVF22) for 6 h per day on five days per week for 104 weeks. These exposure
conditions correspond to average numbers of WHO fibres/cm3 of 30, 131 and 213. The
geometric mean diameter of the test fibres was approximately 0.85 µm and the geo-
metric mean length approximately 13 µm. The retained lung burden/mg dry lung tissue
after 24 months was: 44.4 × 103 WHO fibres and 1.8 × 103 fibres > 20 µm for the
3 mg/m3 dose, 96.7 × 103 and 4.5 × 103, respectively, for the 16 mg/m3 dose and 177 ×
103 and 11.0 × 103, respectively, for the 30 mg/m3 dose. The post-exposure period was
continued until approximately 20% of the animals in the air-control group survived;
this occurred four months after the end of exposure. Mortality was similar to that
observed in the unexposed controls. In the group that received the 3 mg/m3 dose, one
adenoma and one carcinoma were observed in 116 rats. No tumours were observed in
the group that received the 16 mg/m3 dose. In the group treated with 30 mg/m3 slag
wool dust, two pulmonary adenomas and one lung carcinoma were observed in 115
rats. In the control group, two lung adenomas were found in 126 rats. A positive control
group was exposed to crocidolite asbestos (10 mg/m3), with a geometric mean diameter
of 0.28 µm determined by SEM and a geometric mean length of 4.1 µm determined by
light microscopy. Exposure to crocidolite asbestos was terminated after 10 months
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because of increased morbidity and mortality. The retained lung burden/mg dry lung
tissue after 104 weeks was 759 × 103 WHO fibres and 41.1 × 103 fibres > 20 µm. Ten
pulmonary adenomas, five pulmonary carcinomas and one mesothelioma were reported
in 106 rats (McConnell et al., 1994).


3.5.2 Intraperitoneal injection (see Table 63)


(a) Rat
Groups of female Wistar rats, 15 weeks old, received two weekly intraperitoneal


injections of 20 mg of one of two samples of Rheinstahl and Zimmermann (Germany)
slag wool [chemical composition not given] in 2 mL saline. The Rheinstahl sample had
a median fibre length of 26 µm and a median fibre diameter of 2.6 µm; the Zimmermann
sample had a median fibre length of 14 µm and a median fibre diameter of 1.5 µm. The
animals were observed for life; median survival times were 111, 107 and 101 weeks for
the groups given coarser (Rheinstahl) and finer (Zimmermann) slag wool and for a
control group treated with saline alone, respectively. Slight increases in the incidence of
sarcomas, mesotheliomas and (rarely) carcinomas of the abdominal cavity were
observed with the slag wool samples: 6/99 with the coarser sample (first tumour after 88
weeks) and 2/96 with the finer sample (first tumour after 67 weeks). No tumour occurred
in any of the 48 control animals (Pott et al., 1987). [The Working Group noted that, in
other studies in this laboratory, the historical incidence of abdominal tumours in animals
treated with saline ranged from 0%–6.3%.]


Female Wistar rats [initial numbers not specified], weighing approximately 190 g,
received either five weekly intraperitoneal injections of 30 mg slag wool [chemical
composition not given] suspended in 2 mL saline or 2 mL saline alone (control group
of 72 females). The median length of the fibres was 9.0 µm, the median diameter was
1.21 µm and the number of fibres injected (length > 5 µm, diameter < 2 µm, aspect
ratio > 5/1) was 250 × 106. The lifespan of the animals was much reduced by an
infectious disease of the lung in months 12 and 13 (the cause could not be diagnosed)
which killed 8/36 rats in the treated group. The mean lifespan in both groups was 106
weeks. The mean lifespan for rats that developed tumours was 77 weeks. Macroscopic
tumours were observed in 2/28 rats. In the control group, 22/72 animals died from the
infection and two of the remaining 50 rats developed an abdominal tumour (Pott et al.,
1991). [The Working Group found it difficult to interpret this study since the impact
of the infection was unknown.]


Three groups of 40 female Wistar rats, 8–10 weeks old, received a single intraperi-
toneal injection of 20 or 50 mg or three weekly injections of 50 mg MMVF22 suspended
in 2 mL saline. The median length of the fibres was 8.7 µm and the median diameter was
0.77 µm. A control group of 40 female Wistar rats received three intraperitoneal
injections of 2 mL saline only. The length of the observation period was 130 weeks. The
median survival time was 99 weeks in the group treated with the 20-mg dose, 102 weeks
in the group treated with the single 50-mg dose and 95 weeks in the group that received
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the three 50-mg doses. Necropsy was followed by a macroscopic investigation of the
thoracic and abdominal areas for tumours and the organs were transferred into buffered
formalin. Macroscopic tumours were investigated histopathologically. The incidence of
mesotheliomas was 4/40 in the group given the 20-mg dose, 8/40 after treatment with
the single 50-mg dose and 18/38 in the group that received the three 50-mg doses. In the
control group treated with saline, no tumour was observed in 38 rats. Two groups of
positive controls received an intraperitoneal injection of either 3.3 mg or 15 mg
tremolite (Libby, Montana). The median fibre length was 3.4 µm and the median
diameter was 0.29 µm; the numbers of fibres injected were 57 × 106 and 260 × 106,
respectively. In the group that received 3.3 mg tremolite, 10/39 rats examined had
developed mesotheliomas, and mesotheliomas were seen in 30/40 rats in the group
treated with 15 mg tremolite (Pott et al., 1993; Davis et al., 1996b; Roller et al., 1996) 


Groups of approximately 24 male Wistar rats, approximately 12 weeks of age,
received two injections of a slag wool fibre (MMVF22) of a mass dose of 129.6 mg
suspended in buffered saline. The target dose was 109 WHO fibres. Animals were kept
for life or until they showed signs of debilitation. At autopsy, the peritoneal contents
were examined macroscopically for the presence of peritoneal mesotheliomas. Tumours
were diagnosed by the macroscopic presence of peritoneal mesotheliomas and by
microscopy when the diagnosis was in doubt. In addition, specimens from the first six
animals to develop mesotheliomas were taken for a histopathological examination. The
median survival time was 658 days, and the median survival time of animals with
mesothelioma was 695 days. An abdominal mesothelioma was diagnosed in 13/24 rats
examined. In a group of positive controls, male Wistar rats were treated with 6.1 mg
amosite fibres with the same target concentration of 109 WHO fibres. About 99% of the
fibres had diameters below 0.95 µm. Mesotheliomas were observed in 22/24 of the rats
in this group [no vehicle control group was included in this study] (Miller et al., 1999).


(b) Hamster
A group of 69 male Syrian golden hamsters, 100 days of age, was exposed by


inhalation (nose-only) to slag wool dust [type of slag unspecified] (mass concentration,
7.8 mg/m3; 15.2% respirable fibres; geometric mean diameter, 0.9 µm; geometric mean
length, 22 µm; chamber concentration, 200 fibres/cm3 with 76 fibres/cm3 > 10 µm in
length and ≤ 1.0 µm in diameter) for 6 h per day on five days per week for two years
and then observed for life. Groups of 58 chamber and 112 room controls were included
in the study. No tumour of the respiratory tract was observed in the treated animals or
in room controls; one of 58 chamber controls had a bronchoalveolar tumour. There was
no decrease in lifespan (about 660 days). In a group of 58 hamsters exposed to UICC
crocidolite (3000 fibres/cm3; 5% fibres ≥ 5 µm in length; mean, 3.1 ± 10.2 µm), no
pulmonary tumour was seen (Smith et al., 1987). [The Working Group noted that the
counting criteria for retained fibres were not stated and that the number of slag wool
fibres retained was relatively low.]
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3.5.3 Intrapleural injection


Rat: Groups of 48 SPF Sprague-Dawley rats [sex and age unspecified] received
either a single intrapleural injection of 20 mg German slag wool [type of slag un-
specified] or chrysotile in 0.5 mL saline. The dust samples used (and the size distri-
butions of the fibres) were: German slag wool (67% < 5 µm in length; 42% < 0.6 µm in
diameter), German slag wool after removal of resin (80% < 5 µm in length; 62%
< 0.6 µm in diameter and UICC African chrysotile [sizes of fibres unspecified]. The
animals were kept until natural death [survival times unspecified]. No tumour was
observed in the group treated with slag wool or in a group of 24 controls treated with
saline. Six mesotheliomas occurred in the group treated with chrysotile (Wagner et al.,
1984). 


3.6 Refractory ceramic fibres 


3.6.1 Inhalation exposure (see Table 64)


(a) Rat
A group of 48 SPF Wistar AF/HAN rats [sex and source unspecified], 12 weeks


old, was exposed by whole-body inhalation [exposure chamber parameters (size, flow
rate, temperature, humidity) and animal husbandry (single or group caging, environ-
mental controls, light/dark cycle, basal diet and water supply) unspecified] to a target
concentration of 10 mg/m3 respirable dust from bulk fibrous ceramic aluminium
silicate glass [chemical composition not given] for 7 h per day on five days per week
for 12 months (cumulative exposure, 224 days). A group of 40 unexposed rats housed
within the same laboratory unit served as controls [age, sex, source and treatment of
controls (whether exposed to room or chamber air) unspecified]. Following cessation
of exposure to the dust, all the remaining animals were kept until either their natural
death or the termination of the experiment at 32 months. The mean concentration of
respirable dust was 10.0 ± 4.8 mg/m3 and that of total dust, 9.6 ± 8.4 mg/m3. The
analysis of respirable dust, by phase contrast optical microscopy (PCOM), showed
that the animals were exposed to 95 WHO fibres/cm3 (> 5 µm in length and < 3 µm
in diameter; aspect ratio, > 3:1). Approximately 90% of the fibres were < 3 µm in
length and < 0.3 µm in diameter and the ratio of particles (> 1 µm in diameter) to fibres
(> 5 µm in length) was approximately 4:1. Survival times did not differ significantly
between control and treated animals. Eight animals treated with dust (8/48, 17%)
developed pulmonary neoplasms (one adenoma, three carcinomas and four malignant
histiocytomas). Pulmonary tumours were not observed in any of the control animals.
In addition to the tumours associated with the lung, eight benign and eight malignant
tumours [unspecified], including one peritoneal mesothelioma were also found in the
group treated with dust. The dust burden of ceramic aluminium silicate in the left lung
was converted to whole lung values and ranged from 2.8–6.8 mg (Davis et al., 1984). 


IARC MONOGRAPHS VOLUME 81226


pp181-240 ok.qxd  07/12/02  08:55  Page 226







STU
D


IES O
F CA


N
CER IN


 EX
PERIM


EN
TA


L A
N


IM
A


LS
227


Table 64. Studies of the carcinogenicity of refractory ceramic fibres in rats and hamsters


Fibre type Route of
adminis-
tration


Strain Sex Exposure
conc.
(mg/m3)


Exposure conc.
(f/cm3)


Exposure
duration
(h/d, d/wk),
total exposure
(weeks),
observation
(weeks)


No. of
animals/
group


Lung
tumours
(adenoma
and
carcinoma)


Tumours
(pleural or
peritoneal)


Lung
burden


Reference


Rat


RCF (NS) Whole-
body
inhalation


SPF
Wistar
AF/HAN


NS 10 95 WHO f/cm3,
90% with
D, < 3 µm; prt/fib,
4:1


(7, 5), 52,
lifetime or
128


  48 8/48
(17%); 0 in
controls


0 – Davis et al.
(1984)


Fibrefrax Nose-only
inhalation


Osborne-
Mendel


F 10.8 88 f/cm3 with
L, > 10 µm;
GMD, 0.9 µm;
GML, 25 µm;
prt/fib, 33:1


(6, 5), 104,
lifetime


  55 0/55 – 2.18 ×
104 f/mg
dry lung


Smith et al.
(1987)


Kaolin-
based
RCF1


Nose-only
inhalation


Fischer
344


M 30 187 WHO f/cm3;
GMD, ~0.8 µm;
GML, 12.8–
17.4 µm


(6, 5), 104,
lifetime


140 16/123
(13%);
controls,
2/130
(1.5%)


2/123
(1.6%);
controls, 0


2–7 × 105


WHO
f/mg dry
lung


Mast et al.
(1995a)


Alumina-
zirconia
silica
RCF2


Nose-only
inhalation


Fischer
344


M 30 220 WHO f/cm3;
GMD, ~0.8 µm;
GML, 12.8–
17.4 µm


(6, 5), 104,
lifetime


140 9/121
(7.4%);
controls,
2/130
(1.5%)


3/121
(2.5%);
controls, 0


2–7 × 105


WHO
f/mg dry
lung
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Table 64 (contd)


Fibre type Route of
adminis-
tration


Strain Sex Exposure
conc.
(mg/m3)


Exposure conc.
(f/cm3)


Exposure
duration
(h/d, d/wk),
total exposure
(weeks),
observation
(weeks)


No. of
animals/
group


Lung
tumours
(adenoma
and
carcinoma)


Tumours
(pleural or
peritoneal)


Lung
burden


Reference


High-
purity
RCF3


Nose-only
inhalation


Fischer
344


M 30 182 WHO f/cm3;
GMD, ~0.8 µm;
GML, 12.8–
17.4 µm


(6, 5), 104,
lifetime


140 19/121
(10.7%);
controls,
2/130
(1.5%)


2/121
(1.7%);
controls, 0


2–7 × 105


WHO
f/mg dry
lung


After-
service
RCF4


Nose-only
inhalation


Fischer
344


M 30 206 WHO f/cm3;
GMD, 1.22 µm;
GML, 9.8 µm


(6, 5), 104,
lifetime


140 4/118
(3.4%);
controls,
2/130
(1.5%)


1/118
(0.8%);
controls, 0


2–7 × 105


WHO
f/mg dry
lung


Kaolin-
based
RCF1


Nose-only
inhalation


Fischer
344


M
  3
  9
16


26
75
120 WHO f/cm3;
GMD, 0.8 µm;
GML, 14 µm


(6, 5), 104,
lifetime


140
2 (1.6%)
5 (3.9%)
2 (1.6%);
controls, 1
(0.8%)


0
1 (0.8%)
0;
controls, 0


4.3 × 104


NS
22.1 ×
104 WHO
f/mg dry
lung


Mast et al.
(1995b)


Fibrefrax Intra-
tracheal
instillation


Osborne-
Mendel


F 5 × 2 mg
(weekly)


(Elutriated from
inhalation
chamber)


lifetime   22 0 – Smith et al.
(1987)
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Table 64 (contd)


Fibre type Route of
adminis-
tration


Strain Sex Exposure
conc.
(mg/m3)


Exposure conc.
(f/cm3)


Exposure
duration
(h/d, d/wk),
total exposure
(weeks),
observation
(weeks)


No. of
animals/
group


Lung
tumours
(adenoma
and
carcinoma)


Tumours
(pleural or
peritoneal)


Lung
burden


Reference


Refractory
ceramic
fibre (NS)


Intrapleural
injection


SPF
Wistar


M/F 20 mg in
0.4 mL


(Ball mill
grinding)


lifetime 31 – 3/31 (9.7%),
pleural
meso


– Wagner
et al.
(1973)


Kaolin
(fibre A)/
alumina
and silica
(fibre B)


Intrapleural
injection


Alpk:AP
(Wistar-
derived)


M/F 20 mg in
0.2 mL


(Ball mill grinding
and sieving)


lifetime 24 M/
24 F


– Fibre A, 0
Fibre B:
1/48, (2.1%,
pleural
meso); 2/48
(4.1%,
peritoneal
meso)


– Pigott &
Ishmael
(1992)


High
Duty
grade
alumino-
silicate,
vitreous or
devitrified


Intrapleural
injection


Wistar-
Porton


M 20 mg in
0.4 mL


NS lifetime 19 – 0 – Carthew
et al.
(1995)


Refractory
ceramic
fibre (NS)


Intraperi-
toneal
injection


Wistar
AF/HAN


NS 25 mg in
2 mL


NS; L, 90%
< 3 µm;
D, < 0.3 µm


NS 32 – 3/32 (9.4%)
peritoneal
tumours


– Davis et al.
(1984)
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Table 64 (contd)


Fibre type Route of
adminis-
tration


Strain Sex Exposure
conc.
(mg/m3)


Exposure conc.
(f/cm3)


Exposure
duration
(h/d, d/wk),
total exposure
(weeks),
observation
(weeks)


No. of
animals/
group


Lung
tumours
(adenoma
and
carcinoma)


Tumours
(pleural or
peritoneal)


Lung
burden


Reference


Fibrefrax


Manville


Intraperito-
neal
injection


Wistar
WU/
Kißlegg


F 45 mg in
2mL


75 mg in
2 mL


L, 8.3 µm;
D, 0.91 µm


L, 6.9 µm;
D, 1.1 µm


28 months
after injection


~50 – 32/47 (68%)


12/54 (22%)
TiO2


control,
5/53 (9.4%)


– Pott et al.
(1987,
1989)


Fibrefrax Intra-
peritoneal
injection


Osborne-
Mendel


F 25 mg in
0.5 mL


(Elutriated from
inhalation
chamber)


lifetime 25 – 19/23
(83%);
control,
0/25


– Smith et al.
(1987)


RCF1


RCF2


RCF4


Intra-
peritonealin
jection


Charles
River
Wistar


M 110 mg
in 2 mL


188 mg
in 2 mL


90 mg in
2 mL


228 × 106


f > 10 µm


320 × 106


f > 10 µm


81 × 106


f > 10 µm or 109


f > 5 µm


lifetime 18–24 – 21/24 (88%)


13/18 (72%)


0/22


– Miller et al.
(1999)
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Table 64 (contd)


Fibre type Route of
adminis-
tration


Strain Sex Exposure
conc.
(mg/m3)


Exposure conc.
(f/cm3)


Exposure
duration
(h/d, d/wk),
total exposure
(weeks),
observation
(weeks)


No. of
animals/
group


Lung
tumours
(adenoma
and
carcinoma)


Tumours
(pleural or
peritoneal)


Lung
burden


Reference


Hamster


Fibrefrax Nose-only
inhalation


Syrian
golden


M 10.8 200 f/cm3,
GMD, 0.9 µm;
GML, 25 µm;
prt/fib, 33:1


(6, 5), 104,
lifetime


  70 0; control,
1/58


1/70;
control, 0


0.86 ×
104 f/mg
dry lung


Smith et al.
(1987)


RCF1 Nose-only
inhalation


Syrian
golden


M 30 215 WHO f/cm3;
GMD, 0.78 µm;
GML, 15.9 µm


(6, 5), 78,
lifetime


140 0 42/102
(41%);
control, 0


1.59 ×
105 f/mg
dry lung


McConnell
et al.
(1995)


Fibrefrax Intra-
tracheal
instillation


Syrian
golden


M 5 × 2 mg
(weekly)


(Elutriated from
inhalation
chamber)


lifetime   25 0 – – Smith et al.
(1987)


Fibrefrax Intraperi-
toneal
injection


Syrian
golden


F 25 mg in
0.5 mL


(Elutriated from
inhalation
chamber)


lifetime   56 0 7/36;
control, 0


Smith et al.
(1987)


NS, not specified; prt/fib, ratio of particles to fibres; f., fibre; RCF, refractory ceramic fibres; GMD, geometric mean diameter; GML, geometric mean length; lifetime, until
survival rate is ≤ 20%; D, diameter; L, length; M, male; F, female; meso, mesothelioma
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A group of 55 female Osborne-Mendel rats, 100 days of age, was exposed by
nose-only inhalation to an aerosol of a refractory ceramic fibre (Fibrefrax®) [chemical
composition not given] at a mass concentration of 10.8 mg/m3 for 6 h per day on five
days per week for two years and then observed for life. A group of 60 controls was
exposed to filtered air by nose-only inhalation and 125 room cage controls were kept.
The aerosol fibres had a geometric mean diameter of 0.9 µm and a geometric mean
length of 25 µm; it contained approximately 88 fibres/cm3 > 10 µm in length having
diameters ≤ 1.0 µm and a particulate to fibre ratio of 33:1. [No information was
available on animal respirability.] The fibre content of the lungs was assessed in only
a small sample of animals [number unspecified]. Exposure to refractory ceramic fibres
had no effect on overall health or survival of the animals. The lung burden of fibres
was 2.18 ± 0.99 × 104 fibres/mg dry lung weight [particulates and size distribution of
fibres unspecified]. [The lung burden of retained fibres was relatively low.] No pulmo-
nary tumours were observed in any of the treated (0/55) or control (0/60) rats (Smith
et al., 1987). 


Six groups of 140 male weanling Fischer 344 rats were exposed to refractory
ceramic fibres by nose-only inhalation. A control group exposed to high-efficiency parti-
culate air (HEPA)-filtered air was included. Four groups of animals were exposed to
30 mg/m3 of one of three types (kaolin-based RCF1; alumina zirconia silica — AZS
RCF2, or high-purity RCF 3) of size-separated refractory ceramic fibres or to an after-
service heat-treated (1316 °C for 24 h to simulate after-service material) kaolin-based
fibre containing approximately 27% crystalline silica in the form of cristobalite) (RCF4)
for 6 h per day on five days per week for 24 months. An additional group of 80 animals
was exposed to 10 mg/m3 chrysotile asbestos. Following the 24-month exposure period,
the rats were kept for lifetime observation (until approximately 20% survival at
30 months), at which time they were killed. Aerosol exposure concentrations of
30 mg/m3 for the refractory ceramic fibres and 10 mg/m3 for chrysotile were achieved
and maintained during the study. The counts of WHO fibres at these concentrations
corresponded to 187 ± 53, 220 ± 52, 182 ± 66, 206 ± 48 and 1.06 × 104 fibres/cm3 for
RCF1, RCF2, RCF3, RCF4 and chrysotile, respectively. The GMD of RCF1, RCF2 and
RCF3 in the aerosol ranged from 0.82–0.88 µm and the GML ranged from 12.8–
17.4 µm. The RCF4 was somewhat thicker (GMD, 1.22 µm) and shorter (GML,
9.8 µm). The corresponding dimensions for chrysotile were 0.08 µm and 1.2 µm, res-
pectively. [In view of the known association between fibre length and carcinogenic
potential, the differences in mean length between the refractory ceramic fibres and
chrysotile make direct comparison difficult.] The particulate (< 3 µm diameter) to fibre
ratio was reported to range between 1.02:1 and 1.88:1 for the refractory ceramic fibres.
[This estimate has been revised in Maxim et al. (1997), Mast et al. (2000a,b) and
Bellmann et al. (2001).] Lung burdens at 24 months ranged from approximately 2 × 105


to 7 × 105 WHO fibres/mg dry lung tissue. The numbers of exposure-related pulmonary
neoplasms (bronchoalveolar adenomas and carcinomas) were significantly increased in
all the groups exposed to fibres (except that exposed to RCF4) (RCF1, 16/123 (13%);
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RCF2, 9/121 (7.4%); RCF3, 19/121 (15.7%); RCF4, 4/118 (3.4%); the number in the
group that received chrysotile was 13/69 (19%) compared with 2/130 (1.5%) in the
untreated chamber controls. A few mesotheliomas were observed in each of the groups
exposed to fibres (RCF1, 2/123 (1.6%); RCF2, 3/121 (2.5%); RCF3, 2/121 (1.7%);
RCF4, 1/118 (0.8%); chrysotile, 1/69 (1.4%)), compared with 0/130 in the untreated
controls (Mast et al., 1995a).


The study by Mast et al. (1995a) was followed up with a multiple-dose study of
the kaolin-based refractory ceramic fibre (RCF1) conducted in the same laboratory
using the identical lot of RCF1, animal source and experimental design. Four groups
of 140 weanling Fischer 344 rats were exposed by nose-only inhalation to HEPA-
filtered air (chamber controls) or to 3, 9 or 16 mg/m3 of RCF1 (corresponding to 26,
75 and 120 WHO fibres/cm3 and a reported particulate to fibre ratio of 0.9–1.5:1 [as
noted above, this has since been recalculated]; GMD, 0.8 µm; GML, 14 µm) for 6 h
per day on five days per week for 24 months. Following the 24-month period of
exposure, the rats were kept for lifetime observation (until approximately 20%
survival), at which time they were killed (30 months). The lung fibre burden (WHO
fibres/mg dry lung weight) at 24 months ranged from 4.3 × 104 in the animals treated
with 3 mg/m3 to 22.1 × 104 in the group that received 16 mg/m3. The numbers of
pulmonary neoplasms (adenoma and carcinoma combined) showed no statistically
significant increase at any of the concentrations of RCF1 tested when compared with
control animals and were within the range reported as typical in the male Fischer 344
rat. At 30 months, when the animals were killed, a single very small mesothelioma
was seen in one rat that had been exposed to 9 mg/m3 RCF1 (Mast et al., 1995b).


[The Working Group noted that the greater particulate fraction of RCF1 (than other
RCFs) could have influenced the development of inflammation and subsequent carcino-
genic response in the chronic inhalation studies of RCF1. The extent of this influence is
difficult to assess quantitatively (Yu et al., 1994; Hesterberg et al., 1995a,b; Mast et al.,
1995a; Gelzleichter et al., 1996a; Bernstein et al., 1997; Creutzenberg et al., 1997;
Maxim et al., 1997; Brown, 2000; Brown et al., 2000a; Mast et al., 2000a,b; Bellmann
et al., 2001).]


(b) Hamster
A group of 70 male Syrian golden hamsters, 100 days old, was exposed by nose-


only inhalation to refractory ceramic fibres (Fibrefrax®) [chemical composition not
given] at a mass concentration of 10.8 mg/m3 for 6 h per day on five days per week for
24 months. The control groups consisted of 58 chamber controls exposed to air and 112
room cage controls. A group of 58 hamsters was exposed to UICC crocidolite (7 mg/m3;
3000 fibres/cm3; 95% ≤ 5 µm in length; 90 fibres/cm3 > 10 µm long). The exposure
aerosol fibres had a GMD of 0.9 µm and a GML of 22 µm. Assuming a concentration
of 200 fibres/cm3, the aerosol was calculated to contain approximately 88 fibres/cm3


> 10 µm in length and ≤ 1.0 µm in diameter. A respirable mass fraction of 35 ± 7%
(percentage weight) was estimated. The particle-to-fibre ratio was reported to be 33:1.
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The fibre content of the lungs (0.86 × 104 fibres/mg dry lung) was assessed in a small
sample of animals [actual number of animals and time of sampling unspecified]. At 10
months of treatment, one hamster exposed to the refractory ceramic fibre (1/70) deve-
loped a mesothelioma. A chamber control hamster (1/58) had a secretory broncho-
alveolar tumour. No pulmonary tumours were seen in the hamsters exposed to croci-
dolite although there was a significant incidence of bronchoalveolar hyperaplasia
(11/58) and interstitial fibrosis (14/58) (Smith et al., 1987).


Two groups of 140 weanling male Syrian golden hamsters were exposed by nose-
only inhalation to either HEPA-filtered air (chamber controls) or to 30 mg/m3


(215 WHO fibres/cm3; GMD, 0.78 µm; GML, 15.9 µm) size-selected refractory
ceramic fibres (RCF1) for 6 h per day on five days per week for 18 months. (This
study was conducted with the identical lot of refractory ceramic fibres and in the same
laboratory as the studies reported by Mast et al., 1995a,b.) Once the period of expo-
sure had ended the hamsters were kept until approximately 20% survival and then
killed (20 months). A group of 80 hamsters exposed to 10 mg/m3 (3.0 × 103 WHO
fibres/cm3; GMD, 0.08 µm; GML, 0.98 µm) NIEHS chrysotile acted as the positive
control. Survival was unaffected by exposure to RCF1 but was significantly reduced
by chrysotile. Lung burden of fibres (WHO fibres/mg dry lung) at 18 months was
1.59 × 105 and 16.5 × 105 in the groups treated with RCF1 and chrysotile, respectively.
No pulmonary neoplasms occurred in any experimental group. Mesotheliomas deve-
loped in 42/102 (41%) of the animals exposed to RCF1, but not in any other group.
While the first mesothelioma was found at 10 months of treatment, most (24/42) were
not seen until after 18 months. Many were readily visible at necropsy (57%) and
involved both the visceral and parietal pleura (McConnell et al., 1995). [The Working
Group noted that all the hamsters had been treated with tetracycline for an intestinal
infection that they developed during the study.]


3.6.2 Intratracheal instillation


(a) Rat
A group of 22 female Osborne-Mendel rats, 100 days old, received five weekly


intratracheal instillations of 2 mg refractory ceramic fibres (Fibrefrax®) [chemical
composition not given], which had been elutriated from the chambers of a nose-only
inhalation study. The fibres in the inhalation aerosol had a GMD of 0.9 µm, a GML of
25 µm, contained approximately 88 fibres/cm3 with lengths > 10 µm and diameters ≤
1.0 µm, and a particulate-to-fibre ratio of 33:1. [The length and diameter distributions
and particulate count of the instilled material were unspecified.] A group of 25 control
females was treated with saline. The treated animals and controls were then kept for
their natural lifespan. Treatment with the refractory ceramic fibre had no effect on
median average lifespan (698 days) compared with controls treated with saline (688
days). No pulmonary tumours developed in any of the rats treated with refractory
ceramic fibres or with saline. Of 25 rats treated similarly with UICC crocidolite [size
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distribution of elutriated material unspecified], 2/25 (8%) developed bronchoalveolar
tumours (Smith et al., 1987). 


(b) Hamster
A group of 25 male Syrian golden hamsters, 100 days old, received five weekly


intratracheal instillations of 2 mg refractory ceramic fibres (Fibrefrax®) [chemical
composition not given], which had been elutriated from the chambers of a nose-only
inhalation study. The fibres in the inhalation aerosol had a GMD of 0.9 µm, a GML
of 25 µm, contained approximately 88 fibres/cm3 with lengths > 10 µm and diameters
≤ 1.0 µm, and a particulate-to-fibre ratio of 33:1. [The length and diameter distri-
butions and particulate count of the instilled material were unspecified.] A group of
24 males treated with 0.2 mL saline acted as controls. The treated animals and controls
were then kept for their natural lifespan. The median average lifespan of hamsters
treated with refractory ceramic fibres (446 days) was significantly shorter than that of
the controls treated with saline (567 days). No pulmonary tumours were seen either in
any hamster treated with refractory ceramic fibres or in any control animal treated
with saline. Of 27 hamsters treated similarly with UICC crocidolite [size distribution
of elutriated material unspecified], 20/27 (74%) developed bronchoalveolar tumours.
Of these primary tumours, 13 were benign and seven were malignant (Smith et al.,
1987). 


3.6.3 Intrapleural injection


Rat: Groups of 31–36 SPF Wistar rats (twice as many males as females) [number
of each sex unspecified], 13 weeks old, received a single intrapleural injection, in
0.4 mL sterile saline, containing 20 mg suspended solids of numerous different fibres
and dusts including ceramic aluminium silicate fibres [chemical composition not
given] prepared by grinding. The mean survival time was 736 days, which was similar
to that in controls (728 days) being used at the same time in other experiments. Thirty-
one of the animals injected with refractory ceramic fibres were examined by micros-
copy and three were found to have pleural mesotheliomas (9.7%). The first appeared
743 days after treatment. In this experiment, pleural mesotheliomas were observed in
23/36 (64%) of the rats injected with SFA chrysotile (20 mg); the first tumour
appeared 325 days after injection [non-neoplastic disease unspecified] (Wagner et al.,
1973). 


Groups of 24 male and 24 female Alpk:AP (Wistar-derived) rats, eight weeks old,
received a single intrapleural injection of 20 mg suspended solids of aluminosilicate
fibres in 0.2 mL saline (fibre A made from kaolin and fibre B from alumina and silica,
prepared by grinding and sieving) [source and purity unspecified] (treatment was
arranged in replicates and took place over a period of five weeks) and animals were
observed for life or until 85% mortality when the survivors were killed [months of total
exposure at termination unspecified]. The fibre dimensions were as follows: fibre A:
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diameter ≤ 3 µm, 66%; length ≥ 10 µm, 80%; fibre B: diameter ≤ 3 µm, 92%; length
≥ 10 µm, 46%). Control animals received an equivalent injection of 0.2 mL sterile saline.
A similar group of animals was injected with UICC chrysotile A [length and diameter
distribution unspecified] at the same concentration of suspended solids. At 24 months,
survival was not affected by the treatment (control, 79%; fibre A, 96%; fibre B, 83%;
chrysotile, 100%) and was not significantly different between groups at termination
(control, 29%; fibre A, 41%; fibre B, 29%; chrysotile, 29%). No mesotheliomas were
observed in animals treated with fibre A. Treatment-related neoplastic disease was
limited to the development of pleural (1/48, 2.1%) or peritoneal mesotheliomas in (2/48,
4.1%) of the rats treated with fibre B (the peritoneal mesotheliomas were the result of a
partial deposition of the dose in the peritoneum) and 7/48 (14.5%) pleural meso-
theliomas in rats treated with chrysotile A (Pigott & Ishmael, 1992). 


Three groups of 19, 21 and 24 male Wistar-Porton rats, weighing 200 g, received a
single intrapleural injection of 0.4 mL saline containing 20 mg suspended solids of
High Duty grade aluminosilicate fibres prepared from commercially available fibre
blanket [length, diameter, chemical composition and quantity of non-fibrous parti-
culates unspecified] or one of two samples of fibres that had previously been devitrified
at 1400 °C or 1200 °C for 14 days. A control group of 30 rats received intrapleural
saline only. Following treatment, the rats were observed for life. There was no
statistically significant difference in mean survival between control and treated animals
and cumulative mortality curves for control and treated groups were very similar. The
study was apparently [read from a graph] terminated 900 days after treatment [actual
time of termination unspecified]. No pleural mesotheliomas were observed in any of
the three groups exposed to fibres or in the control group (Carthew et al., 1995). 


3.6.4 Intraperitoneal injection


(a) Rat
A group of 32 Wistar AF/HAN rats [sex and age unspecified] received a single 2 mL


intraperitoneal injection of 25 mg refractory ceramic fibres [chemical composition not
given] suspended in buffered saline [treatment of the control group unspecified]. The
refractory ceramic fibres were collected from inhalation exposure chambers in use at that
time for an ongoing animal study and the material collected was as similar as possible
[length, diameter, particle mass and size of refractory ceramic fibres used for injection
unspecified] to that entering the inhalation chamber (approximately 90% of the fibres
were < 3 µm in length and < 0.3 µm in diameter and the ratio of particles (> 1 µm in
diameter and > 5 µm in length) to fibres was approximately 4:1). At the end of the study
[duration unspecified], 3/32 (9.4%) of the treated and 2/29 of the control rats had
developed peritoneal tumours [unspecified] (Davis et al., 1984).


In two preliminary studies, groups of approximately 50 female Wistar WU/Kiβlegg
rats, 8 weeks old, received intraperitoneal injections (once a week for five weeks) of one
of the following: Fibrefrax® refractory ceramic fibre wool (total dose, 45 mg; fibre
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length, 8.3 µm; fibre diameter, 0.91 µm) [chemical composition not given], Manville
refractory ceramic fibre wool (total dose, 75 mg; fibre length, 6.9 µm; fibre diameter,
1.1 µm) [chemical composition not given] or titanium dioxide (total dose, 100 mg) [P25
from Degussa, Germany] suspended in 2 mL saline. A group of 102 animals served as
controls and received 2 mL of saline once a week for five weeks. Necropsy at 28 months
after injection showed the incidence of macroscopic abdominal tumours was 32/47
(68%) in the first group treated with Fibrefrax® (first tumour death at 30 weeks), 12/54
(22%) in the second group treated with Manville (first tumour death at 60 weeks), 5/53
(9.4%) in the group treated with titanium dioxide (first tumour death at 38 weeks) and
2/102 (2%) in the control group treated with saline (first tumour death at 93 weeks). The
median survival time in both the groups of animals treated with refractory ceramic fibres
was reduced (51 and 91 weeks, respectively) compared with that in the controls treated
with saline (111 weeks) (Pott et al., 1987, 1989). [The Working Group noted that these
two publications presented essentially the same data, with minor discrepancies. It is
unclear whether any histopathological examination was performed.]


A group of 25 female Osborne-Mendel rats, 100 days old, received a single intra-
peritoneal injection in 0.5 mL saline of 25 mg refractory ceramic fibre (Fibrefrax®)
[chemical composition not given], which had been elutriated from the chambers of a
nose-only inhalation study. The fibres in the inhalation aerosol had a GMD of 0.9 µm
and a GML of 25 µm. [The length and diameter distributions and particulate counts for
the elutriated material injected were unspecified.] A group of 25 females treated with
0.5 mL saline alone served as controls. Treated and control animals were then kept for
their natural lifespan. The mean lifespan in rats treated with refractory ceramic fibres
was significantly shorter (480 ± 32 days) that that in controls (744 ± 28 days). Abdo-
minal mesotheliomas [histological description and type unspecified] developed in 19/23
(included a single fibrosarcoma) of the animals injected with refractory ceramic fibres
and in none of the controls (0/25) (Smith et al., 1987).


Groups of 18–24 male Charles River Wistar rats, approximately 12 weeks old,
were injected intraperitoneally on two consecutive days with either RCF1 (total dose,
110 mg; 228 × 106 fibres > 10 µm length and < 0.95 µm diameter), RCF2 (total dose,
188 mg; 320 × 106 fibres > 10 µm length and < 0.95 µm diameter) or RCF4 (total dose,
90 mg; 81 × 106 fibres > 10 µm length and < 0.95 µm diameter) suspended in 2 mL
sterile saline. The refractory ceramic fibres were obtained from the same original stock
as those used in the earlier inhalation studies by Mast et al. (1995a,b) and McConnell
et al. (1995). The mass of refractory ceramic fibres required to deliver a target dose of
109 fibres > 5 µm in length was calculated from optical fibre-sizing data. No saline-
injected controls were used. Following injection, animals were kept for life or until they
became moribund and were killed. By macroscopic examination, the presence of meso-
theliomas (responsible for the death of the animal) was found in 21/24 of the rats
treated with RCF1, 13/18 of those treated with RCF2 and 0/22 rats injected with RCF4.
The median survival time was lower after treatment with the RCF1 (337 days) and
RCF2 (376 days) compared with RCF 4 (725 days) (Miller et al., 1999).
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(b) Hamster
Two groups of female Syrian golden hamsters (56 in total), 100 days of age,


received a single intraperitoneal injection, in 0.5 mL saline of 25 mg refractory ceramic
fibres (Fibrefrax®) [chemical composition not given], which had been elutriated from
the chambers of a nose-only inhalation study. The fibres in the inhalation aerosol had a
GMD of 0.9 µm and a GML of 25 µm. The length and diameter distributions and parti-
culate count of the elutriated material injected were unspecified.] A group of 25 females
treated with 0.5 mL saline served as controls. Treated animals and controls were kept
for life. After intraperitoneal injection with refractory ceramic fibres, 21/36 hamsters in
the first group and 15/36 in the second group died within 30 days from acute
haemorrhagic peritonitis and vascular collapse. The mean lifespans of the surviving
hamsters were significantly reduced (462 and 489 days, in the first and second group,
respectively) compared with that of control animals injected with saline (560 days).
Abdominal mesotheliomas were found in 2/15 hamsters in the first group and in 5/21
hamsters in the second group [histological description and type unspecified]. No
tumours were found in the controls (Smith et al., 1987). 


3.7 Newly developed fibres


3.7.1 Inhalation exposure


X-607 (alkaline earth silicate) wool


Rat: In a chronic inhalation study, 140 male Fischer 344 rats, 9–11 weeks of age,
were exposed to Johns Manville X-607 and 80 male Fischer 344 rats were exposed to
NIEHS medium-length chrysotile asbestos. The X-607 wool contains a relatively high
proportion of calcium oxide (38%). Rats were exposed by nose-only inhalation for 6 h
per day on five days per week for periods of up to two years. The concentration of
X-607 fibres in the aerosol was 30 mg/m3; there were 174 ± 72 × 106 WHO fibres/m3


and 47 ± 23 × 106 fibres > 20 µm/m3, with geometric mean fibre dimensions of 11 µm
× 0.9 µm. For chrysotile the concentration was 10 mg/m3, with 10 600 × 106 WHO
fibres/m3 and no detectable fibres > 20 µm; the geometric mean fibre dimensions were
1.2 µm × 0.3 µm. After 104 weeks of exposure to X 607, the lung burden was 58 × 106


WHO fibres/lung and 1 × 106 fibres > 20 µm/lung. After 104 weeks of exposure to
chrysotile, there were 1600 × 106 WHO fibres/lung and no fibres > 20 µm were detected.
Animals exposed to X-607 did not develop any lung fibrosis. The incidence of lung
tumours in rats treated with X-607 was one adenoma and one carcinoma in 121 animals
at risk; this was not significantly different from the incidence in controls kept in air
which was two adenomas in 130 rats. The tumour incidence after exposure to chrysotile
asbestos was six lung adenomas, six lung carcinomas and one mesothelioma in 69
animals at risk (Hesterberg et al., 1998a).


IARC MONOGRAPHS VOLUME 81238


pp181-240 ok.qxd  07/12/02  08:55  Page 238







High-alumina, low-silica wool (HT) fibre (MMVF34)


A group of 140 male Fischer 344 rats, 9–10 weeks of age, was exposed by nose-only
inhalation for 6 h per day on five days per week for 104 weeks to 30 mg/m3 high-
alumina, low-silica wool (HT) fibre (MMVF34). This fibre, commercialized in 1995, is
characterized by a relatively high content of aluminium and a relatively low content of
silica compared with the older MMVF21. The gravimetric concentration was selected to
obtain a fibre concentration of at least 250 × 106 WHO fibres/m3 throughout the expo-
sure period to enable comparison with previous studies carried out on MMVFs in which
30 mg/m3 was the highest dose. The actual values of the fibre concentration were 291 ×
106 WHO fibres/m3 and 85 × 106 fibres > 20 µm/m3. The geometric mean of the fibre
diameter was 0.87 µm and the geometric mean length was 10.8 µm. The retained lung
burden after 24 months was 60.2 × 106 WHO fibres and 3.1 × 106 fibres > 20 µm. A
subsequent period of no exposure continued until approximately 20% survival was
reached in the control group kept in air at approximately 28 months. Mortality after
treatment with HT fibres was comparable with mortality of unexposed controls. The
results of the comparative study showed a marked difference in the pathogenicity of the
MMVF21 and MMVF34 in terms of their fibrogenic potential: MMVF21 caused
pulmonary fibrosis, but MMVF34 did not. In 107 rats exposed to MMVF34, no carci-
noma and five adenomas were observed. In the 107 rats in the control group, one carci-
noma and three adenomas were found (Kamstrup et al., 1998, 2001).


3.7.2 Intraperitoneal injection


High-alumina, low-silica wool (HT) fibre


Rat: A group of 50 female Wistar rats (body weight approximately 200–230 g), aged
10–12 weeks, received a dose of 2.1 × 109 WHO HT fibres (0.6 × 109 fibres > 20 µm)
suspended in 2 mL saline, by intraperitoneal injection. The geometric mean diameter of
fibres was 0.65 µm and the geometric mean length was 10.7 µm. Fifty female Wistar
rats treated with 2 mL saline served as negative controls. After treatment, animals were
kept until survival in one group fell below 20%. At this time, all animals were killed. All
animals were necropsied; any gross abnormalities observed during necropsy were
examined histopathologically. No induction of mesothelioma was observed in either the
group treated with HT fibres or in the control group. These results were compared with
those of a study in which the fibre D6 (MMVF21; median diameter, 0.8 µm; median
length, 8.5 µm; 1 × 109 WHO fibres; 0.2 × 109 fibres > 20 µm) had been tested by the
same laboratory. In that study, mesotheliomas were observed in 32 of 57 treated rats and
no mesothelioma in the corresponding control group of 91 rats (Kamstrup et al., 2002).
[The Working Group noted that these two injection studies were not contemporaneous.]
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A and C wools


Rat: Groups of 51 female Wistar rats, 8–9 weeks of age, were given intraperitoneal
injections containing 0.7–35 mg of either glass wool A or glass wool C. The doses,
expressed as WHO fibres/rat × 106, ranged from 9.2–630. Other groups of 51 rats were
injected with either crocidolite asbestos (maximum dose, 0.5 mg or 110 × 106 WHO
fibres) or saline. Rats were kept for 130 weeks, then killed and examined for abdominal
tumours. None of the groups exposed to either fibre A or fibre C had a tumour
incidence greater than 10%. The tumour incidences were (from lowest dose to highest
dose): groups treated with fibre A, 3/51, 1/51, 1/51 and 3/51; groups treated with fibre
C, 5/51, 4/51, 1/51 and 1/51; controls treated with saline, 0/51. The tumour incidence
in the group exposed to 0.5 mg crocidolite was 25/51 (Lambré et al., 1998).


F, G and H wools


[F, G and H wools have not been commercialized, but they are included here
because data on biopersistence and chronic effects are available for these fibre types.
For many of the newly developed fibres which are commercially available in the
European Union, only biopersistence data are available.] 


Rat: Groups of 51 female Wistar rats, 8–9 weeks old, received intraperitoneal
injections containing 1.1–55 mg of three types of rock (stone) wool fibres (F, G and H)
[the Working Group noted that, according to the definition given in section 1, these
fibres are not a rock (stone) wool] (all calcium-modified silicates) suspended in saline.
The doses administered, the corresponding numbers of fibres, and geometric mean
lengths and diameters were reported, together with tumour incidence (all fibres were
defined as having length > 5 µm, diameter < 2 µm, length:diameter > 5 µm). Doses
expressed as WHO fibres × 106/rat ranged 5.2–550. Other groups of 51 rats were
injected with either crocidolite asbestos (maximum dose, 0.5 mg or 110 × 106 WHO
fibres) or saline. Rats were kept for 130 weeks then killed and examined for abdominal
tumours. The incidences of peritoneal tumours (from lowest dose to highest dose) were:
3/51, 1/51 and 3/51 in rats treated with F wool; 2/51, 1/51 and 2/51 in rats treated with
G wool; 3/51, 1/51 and 9/51 (dose of 55 mg or 260 × 106 WHO fibres for the latter
incidence) in rats treated with H wool; and 4/51, 10/51 and 25/51 in rats treated with
crocidolite. In a control group of 102 females treated with saline, no mesothelioma was
reported (Lambré et al., 1998). 
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4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms


4.1 Deposition, retention and clearance


The deposition of airborne fibrous and non-fibrous particles is defined as the active
loss of these particles from the air during respiration, as a result of inelastic encounter
of the airborne particles with the respiratory epithelium. Clearance from the site of
deposition pertains to the removal of these deposited particles by various processes
over time, whereas retention is the temporal persistence of particles within the respi-
ratory system (Morrow, 1984). Thus, the amount retained (R) is defined by the amount
deposited (D) minus the amount cleared (C) (R = D – C).


The deposition of inhaled fibres in the respiratory tract is a function of their
physical characteristics (size, shape and density) and of the anatomical and physio-
logical parameters of the upper and lower airways. Chemical composition has no role
in deposition of airborne fibres in the respiratory tract, and, therefore, there is no need
to differentiate between fibre types when discussing deposition phenomena. The
clearance of deposited fibres from the respiratory tract, however, is dependent on both
physical and chemical characteristics of fibres, and therefore the clearance and resulting
retention behaviour within the respiratory system can vary widely between different
fibre types; the different fibres deposited in the lung are subject to the same clearance
processes, which together determine the biopersistence of the fibres. Thus, since a
general understanding of deposition, retention and clearance is necessary to appreciate
the importance of biopersistence, these topics are discussed briefly below for all fibres
together rather than considering specific categories of vitreous fibres separately.


The main processes leading to the deposition of inhaled fibres operate throughout
the respiratory tract, whereas the mechanisms that clear deposited fibres from different
regions of the respiratory system vary considerably and, therefore, contribute to a
different degree to the retained fibre burden at sensitive sites in the lung. When
discussing deposition and retention it is, therefore, convenient to divide the respiratory
system into three compartments as follows: the extrathoracic region (ET, consisting of
anterior and posterior nose, larynx, pharynx and mouth); the tracheobronchial region
(TB, consisting of trachea, bronchi and bronchioles down to the terminal bronchioles)
and the alveolar–interstitial region (AI, including respiratory bronchioles, alveolar ducts
and sacs with alveoli and pulmonary interstitium). A somewhat more detailed classi-
fication in which the respiratory system was divided into four compartments was
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presented by the International Committee on Radiological Protection (ICRP) Task
Group (ICRP, 1994). In this scheme the TB region was separated into large bronchi (BB)
and small bronchioli (bb) compartments. Since the main clearance process in these two
regions is the same (ciliary movement) and differs only in rate, the TB region is
considered as one compartment here. The following sections summarize those concepts
of deposition, clearance and retention that are known for both spherical and fibrous
particles and that are helpful for the evaluation of fibre toxicity and carcinogenicity. Such
an evaluation will, to a large degree, be based on a definition of fibre biopersistence as
discussed in section 4.1.3.


4.1.1 Deposition


Several publications have described in detail the deposition behaviour of inhaled
particles throughout the respiratory tract in humans and rats in general, as well as
pointing out specific differences that pertain to fibres (Heyder, 1982; Morrow & Yu,
1985; Stöber et al., 1993; ICRP, 1994; Schlesinger et al., 1997; Asgharian & Anjilvel,
1998; Asgharian & Yu, 1988, 1989; Dai & Yu, 1998). Some of the main points are
summarized below. Airborne particles and fibres are often described as being respirable
or inhalable. The terms ‘respirability’ and ‘inhalability’ have very different meanings
(defined by the American Conference of Governmental Industrial Hygienists
(ACGIH), 2001).


Inhalability refers to the ratio of the particle (fibre) concentration in the inhaled air
to that in the ambient air. Inhalability decreases with increasing particle (fibre) size due
to increasingly higher settling velocities in air and inertia for increasing particle sizes
(> 5–10 µm) before entering the airways; it is also dependent on wind velocity.


Respirability is the ratio of the concentration of airborne particles (fibres) pene-
trating to the alveolar region of the lung to that in the ambient air. Respirability
generally increases with decreasing size of the particles (fibres), unless they become
extremely small (i.e. fibrils, of nanometer size).


Using these definitions, the European Committee of Standardization (CEN, 1993)
and ACGIH (2001) defined an inhaled particulate mass for those materials that are
hazardous when deposited anywhere in the respiratory tract; a respirable particulate
mass for those materials that are hazardous when deposited in the alveolar region; and
a thoracic particulate mass for those materials that are hazardous when deposited
anywhere in the lower respiratory tract (TB and AI regions). Thus, restricting the
evaluation of fibres to ‘respirable’ fibres would be to ignore those fibres depositing in
the TB region of the respiratory tract. The TB region is important when considering
the pathogenicity of fibres in humans, since it is known from research on workers
exposed to asbestos that this region is a potential target area for adverse health effects
induced by fibres, in particular, chronic inflammation and bronchogenic carcinoma
(Churg & Green, 1998). Acute nasal effects induced by fibres have also been
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observed; therefore, the inhalable fibre fraction must be considered as well (INSERM,
1999; see also section 4.2). 


Two important parameters that affect the deposition of airborne particles (fibres)
are their aerodynamic and thermodynamic properties. The equivalent aerodynamic
diameter is defined as the diameter of a spherical particle of unit density which has the
same terminal settling velocity in still air as the particle (fibre) in question. Deposition
due to aerodynamic behaviour becomes less important for particles with sizes < 1 µm.
Below a particle size of 0.5 µm, thermodynamic properties prevail, and deposition of
these particles is governed mainly by the diffusional movement induced by Brownian
motion of gas molecules.


For a spherical particle, the geometric diameter multiplied by the square root of the
specific density of the material gives the aerodynamic diameter. For a non-spherical
particle, a shape factor also needs to be considered; although, for fibres in particular,
their aerodynamic diameter is mostly governed by their geometric diameter, their
elongated shape (fibre length) and their specific density. Figure 9 illustrates this for
fibres of different aspect ratios (length:diameter) and with a density of 2.7 g/cm3 (see
Oberdörster, 1996).


The main mechanisms by which inhaled fibres deposit in the respiratory tract are
impaction, sedimentation, diffusion and interception (Asgharian & Yu, 1988, 1989; Dai
& Yu, 1998). Electric charges on fibres can also significantly enhance deposition due to
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Figure 9. Correlation between aerodynamic and geometric diameter of fibres of
different aspect ratios (ββ)


From Oberdörster (1996)
Specific density of fibre material is 2.7 g/cm3.
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generation of image charges in the airway walls; however, in contrast to asbestos fibres,
no data on electric charges on vitreous fibres have been published. 


Deposition of fibres due to impaction occurs when the airflow encounters rapid
changes in direction (e.g. in the nose and conducting airways) and the momentum of
the fibre carries it along in a straight line to deposit on the airway wall. The larger the
aerodynamic diameter, the greater the deposition efficiency due to impaction, so this
mechanism is most effective for aerodynamic diameters > 0.5–1.0 µm. 


Sedimentation refers to the settling of fibres due to gravitational forces, which
eventually results in the fibres touching the airway wall and depositing on the epi-
thelium. This mechanism also operates mainly on fibres with equivalent aerodynamic
diameters of > 0.5–1.0 µm.


Interception is a particularly important mechanism for fibre deposition. Whereas
few spherical particles are deposited by interception, significant deposition of fibrous
particles occurs by this mechanism (Asgharian & Yu, 1989). Deposition by interception
occurs when an airborne particle (fibre) in the airways gets close enough to the airway
wall to allow one end to touch the wall. Obviously, for an elongated object such as a
fibre, this occurs more readily than for a spherical particle. In particular, fibres are
carried along in the airflow while rotating at a variable rate at random orientation, even
in a laminar flow (Jeffery, 1922; Asgharian & Yu, 1988), which makes interception an
efficient deposition mechanism, especially for longer fibres. Only when fibres enter a
laminar airflow perfectly aligned with the flow axis will they not rotate, and even then
they become unaligned as soon as a bifurcation is reached.


Although these four mechanisms apply to fibre deposition in humans exposed
environmentally or occupationally as well as in rodents exposed experimentally, there
are important interspecies differences that need to be considered when interpreting and
extrapolating results from rodent inhalation studies to humans. Figure 10 shows the
differences for the alveolar region in humans and rats as modelled by Dai and Yu
(1998). [The Working Group noted that there are uncertainties associated with these
theoretical results.] These authors also calculated the effect of workload (increased
minute ventilation) on the efficiency of deposition of fibres in humans. From the
results of their model on alveolar deposition of inhaled fibres in humans, rats and
hamsters, they reached the following conclusions: 


• There is a significant interspecies difference in alveolar deposition of inhaled
fibres, i.e. more and larger fibres deposit in humans than in rats or hamsters. This
is caused by difference in the size of the structure and ventilation parameters of
the airway.


• The alveolar deposition fraction in humans varies with workload. Increasing the
workload reduces the deposition fraction in the alveolar region because more
fibres are deposited in the ET and TB regions; switching from nose-breathing
to mouth-breathing increases the deposition fraction.


• For all species, a peak in deposition occurs with particles or fibres with an aero-
dynamic diameter between 1 and 2 µm. Increasing the aspect ratio of the fibre


IARC MONOGRAPHS VOLUME 81244


pp241-326.qxd  06/12/02  15:07  Page 244







OTHER RELEVANT DATA 245


Figure 10. Predicted deposition of inhaled spherical and fibrous particles of
different aspect ratios in the alveolar region of humans and rats (ββ)


From Dai and Yu (1998)
Specific density is 2.7 g/cm3. Below 0.5 µm the pattern of deposition is dominated by thermodynamic
properties of the particles.
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results in a decrease in the peak deposition and the corresponding aerodynamic
diameter.


• For rats and hamsters, alveolar deposition is essentially zero when the aero-
dynamic diameter of the fibres exceeds 3.5 µm and the aspect ratio is > 10. In
contrast, considerable alveolar deposition occurs in humans breathing at rest,
even when the aerodynamic diameter of the fibres approaches 5 µm (Dai & Yu,
1998).


The conclusion that the respirability of inhaled fibres is lower in rodents than in
humans is significant in the design of experimental inhalation studies, the results of
which are used for extrapolation to humans and for regulatory purposes. In particular, it
would imply that it is not very meaningful to use concentrations of airborne fibres —
especially long fibres — to compare the effects of exposure in humans with that in
rodents. The dose in the lung is the most important consideration.


The initial deposition patterns of inhaled fibres in rats and mice have been reported
by Brody and Roe (1983) and by Warheit et al. (1988). These authors found that the
preferred site of fibre deposition in the alveolar region of rodents is on first alveolar
duct bifurcations. This may also be the site of the initial inflammatory processes and
perhaps for the entry of fibres into interstitial sites (see below under clearance).


The discussion in this section has focused so far on the fractions of inhaled fibres
deposited in a specific region of the respiratory tract. As shown in Figure 10, deposited
fractions of fibres in the alveolar region — according to the model of Dai and Yu (1998)
— are significantly lower in rats than in humans so that, for a given inhaled concen-
tration, rats apparently deposit a lower dose than humans. However, given the greater
minute ventilation per unit body weight in rats, the absolute amount of deposited fibres
may be higher in rats. It is, therefore, of interest to determine the amount of fibres
deposited per unit surface area of the alveolar epithelium to discover whether rats or
humans receive a higher dose of fibres for a given inhaled concentration. Based on these
models, the fraction of fibres with an equivalent aerodynamic diameter of 2 µm and an
aspect ratio of 20 deposited in the alveolar region is 2.2% in rats and 22.9% in humans
(light work, mouth-breathing, Dai & Yu, 1998) (minute ventilation: 300-g rat, 245 mL/
min [Hsieh et al., 1999]; 70-kg human, 25 L/min [ICRP, 1994]). At a concentration of
1 fibre/cm3, 2.6 × 103 fibres are deposited in the rat and 2.75 × 106 fibres in humans over
an 8-h exposure period. Assuming a lung surface area of 5.5 × 103 cm2 in rats and 6.27
× 105 cm2 in humans (Yu et al., 1995a), the dose per surface area is 0.47 fibres/cm2 in
rats and 4.38 fibres/cm2 in humans. This is almost a 10-fold difference, and, in order for
rats to deposit the same dose per surface area, the concentration to which they were
exposed would have to be increased by about 10-fold. 
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4.1.2 Clearance and retention


The retention kinetics of fibres in the lung are usually influenced by the following
variables: chemical composition, fibre size distribution, amount of fibres in the lung and
time since exposure (Ellouk & Jaurand, 1994; Muhle et al., 1994; Muhle & Bellman,
1995).


Following deposition of fibres, their retention in different regions of the respi-
ratory tract over time is determined by their clearance rate (R = D – C). The general
mechanisms for particle clearance have been reviewed (Morrow & Yu, 1985;
Oberdörster, 1988; Snipes, 1989; ICRP, 1994; Schlesinger et al., 1997), and models
that specifically describe clearance of fibres have been published (Yu et al., 1996,
1998). For the nasal region, ciliary motion-mediated movement of deposited particles
has been observed to occur mostly towards the pharynx and to a limited degree
towards the nostrils. This is generally a fast process, but it may take up to 24 h (ICRP,
1994). Nose-blowing is a most effective means to clear the anterior region of the nose.
Oropharyngeal clearance of particles or fibres deposited there occurs via the gastro-
intestinal tract through swallowing.


For the TB region, the main mechanism for fibre clearance is through ciliary
motion along the mucociliary escalator, either after phagocytosis by airway
macrophages (see below for discussion of fibre length and phagocytosis), or as free
fibres. Mucociliary clearance operates throughout the TB region, where cilia are
present from the trachea down to the terminal bronchioles. It is generally a fast process,
which takes less than 24 h. However, the thin surfactant layer in the conducting airways
of the TB region has also been found to promote the embedding of deposited spherical
particles into the underlying fluid layer, essentially forcing these particles onto the
epithelial cells (Schürch et al., 1990; Gehr et al., 1993). This process together with
phagocytosis by airway macrophages may contribute to a long-term retention phase for
spherical particles in the TB region lasting for a number of days or weeks, as observed
by Stahlhofen et al. (1995) in humans. These authors found that the slowly-cleared
fraction of the TB deposit decreased with increasing geometric diameter of the
particles.


Fibrous particles may be subject to the same mechanisms, and interactions between
fibres and epithelial cells would be enhanced by this process, so that translocation of
persistent fibres across the TB epithelium could occur. Cigarette smoking has been
found to increase the number of short asbestos fibres retained in cells of the bronchial
epithelium (Churg et al., 1992; Churg & Stevens, 1995). Smoking-induced impairment
of mucociliary clearance, an early functional abnormality in smokers, significantly
reduced the clearance of deposited particles (Vastag et al., 1986). This could be one
mechanism for the increase in risk for lung cancer in smokers exposed to asbestos
(Oberdörster, 1989).


The most important mechanism for the mechanical clearance of particles deposited
in the alveolar region is through phagocytosis by alveolar macrophages and subsequent
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translocation towards the mucociliary escalator. Fibre length is an important parameter
as it can limit the ability of alveolar macrophages to completely phagocytose a fibre.
Incompletely phagocytosed fibres are likely to come into contact with alveolar cells and
translocate to interstitial sites. Further interstitial transport along lymphatic channels
can distribute fibres to regional lymph nodes as well as to pleural sites (Oberdörster
et al., 1988), provided that fibres are not dissolved along this clearance pathway. The
importance of mechanical and chemical processes for the overall retention of these
particles in the lung is discussed in the section on biopersistence (section 4.1.3).


Clearance mechanisms in the TB region are generally the same for fibres as for
spherical particles; however, there are important differences due to the elongated shape
of fibres. Long vitreous fibres can break so that fibres longer than 20 µm — which are
incompletely phagocytosable — become smaller and will be taken up and cleared by
the alveolar macrophages.


Pleural translocation of deposited refractory ceramic fibres during and after 12
weeks of exposure by inhalation has been demonstrated in rats and hamsters. At the end
of exposure and at 12 weeks after exposure, two to three times more fibres longer than
5 µm were counted in the pleural compartment of hamsters than in rats (expressed per
cm2 of pleural surface). Total pleural fibre burdens were more than three orders of
magnitude lower than in the lung. This finding may partially explain the greater
sensitivity of hamsters to fibre-induced pleural mesothelioma (Gelzleichter et al.,
1999).


Important differences in the size of the macrophages between rodents and humans
affect phagocytosis of fibres. In general, fibres that are too long to be phagocytosed will
remain in the alveolar compartment and be subject to other clearance mechanisms,
including dissolution, breakage and translocation to interstitial sites and subsequently to
pleural sites. The diameters of alveolar macrophages differ between rats and humans
(rat: 10.5–13 µm; human: 14–21 µm) (Crapo et al., 1983; Lum et al., 1983; Sebring &
Lehnert, 1992; Stone et al., 1992; Krombach et al., 1997). Alveolar macrophages are
very elastic and can spread significantly so that fibres longer than the normal diameter
of an alveolar macrophage can be phagocytosed. However, phagocytosis of fibres longer
than 20 µm by alveolar macrophages is less likely to occur (Dörger et al., 2000, 2001).
Multinucleated giant cells that may have formed by fusion of macrophages upon
attempted phagocytosis of longer fibres have been observed (Davis, 1970). If persistent,
these longer fibres are thought to be the most potent fibre category associated with
tumour induction (Kane et al., 1996).


In addition to their alveolar macrophage-mediated mechanical clearance, dissolution
of deposited vitreous fibres in the lung can be an important means of elimination. Short
fibres that are ingested by alveolar macrophages encounter an acidic pH (4.5–5) inside
the phagolysosome (Lundborg et al., 1995), whereas longer fibres that are incompletely
phagocytosed by alveolar macrophages are exposed to extracellular fluid with a pH of
~7.4. In-vitro tests at these two pH levels (simulating the intracellular and extracellular
conditions) have been developed to determine the rates of fibre dissolution (Potter &
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Mattson, 1991; see section 4.1.4(a)(iii)). In-vitro dissolution and mechanical removal by
alveolar macrophages are independent mechanisms: this may explain why there is not
always a good correlation between in-vivo retention half-times and in-vitro dissolution
rates (Oberdörster, 2000). In-vitro dissolution tests determine only the durability of
fibres in a cell-free system, whereas in-vivo retention studies will determine the dura-
bility in vivo plus other clearance processes which together provide a measure of bio-
persistence of fibres (see section 4.1.3).


Poorly soluble, low-toxicity, phagocytosable particles and fibres are cleared much
more slowly from the AI region of the respiratory tract than from the ET and TB regions
when clearance is mediated mainly by alveolar macrophages. For rats, the normal
undisturbed overall retention half-time of particles or fibres subject to macrophage-
mediated clearance is 60–80 days (Snipes, 1989); for humans, the average overall
retention half-time in the alveolar region is several hundred days (Bailey et al., 1982).
In both species, the clearance rate is initially fast followed by a slow phase. In a study
on human volunteers, a fast-phase retention half-time of tens of days and a slow-phase
half-time of hundreds of days were reported for poorly soluble particles (Bailey et al.,
1982, 1985). The International Committee on Radiological Protection (ICRP, 1994)
discerned three phases of particle retention in the alveolar compartment to account for
the experimentally observed retention curves; however, the underlying mechanisms for
each phase are not clear. It has yet to be determined whether this pattern is due to the
clearance of particles deposited in the central lung regions (closer to the mucociliary
escalator which starts at the level of the terminal bronchioles) being somewhat faster
than that of particles deposited in the peripheral lung regions (which would have a
longer clearance pathway to the terminal bronchioles) or whether it is due to the action
of the different alveolar clearance mechanisms for translocation and dissolution
described above. However, if a significant number of the retained particles or fibres are
removed slowly, there may be serious effects on health, e.g. if the fibres are longer than
20 µm (incompletely phagocytosed, no dissolution, no breakage) or if the material is
cytotoxic. In this case, prolongation of the slow phase of clearance (long retention half-
time) should be considered as an indicator of potentially increased toxicity or carcino-
genicity.


If the dissolution of a retained particle or fibre occurs in vivo, the overall retention
half-time (T½ total) can be significantly shortened, since the clearance rates from mecha-
nical macrophage-mediated clearance (rmech) and from dissolution (rdissol) are combined:


rtotal = rmech + rdissol


Or, since the clearance rate and T½ are correlated by


T½ total is determined by
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Whereas the rates of macrophage-mediated mechanical clearance are very different
between rats and humans (see above), it is assumed that the rates of in-vivo dissolution
of fibres are the same or very similar between species. Since T½ mech is much longer in
humans than in rats, a given in-vivo dissolution rate lowers the T½ total more in
humans than in rodents. For example, a fibre dissolution rate corresponding to a
T½ dissol of 70 days will result in a T½ total of 35 days for rats (half of the normal rat
T½ mech of 70 days), and in a T½ total of 59 days (about 14% of the normal T½ mech) for
humans (calculated using a human T½ mech of 400 days) (Berry, 1999). 


The dissolution of vitreous fibres occurs in extracellular and intracellular compart-
ments, so that alveolar clearance of both long and short fibres deposited by inhalation
can most often be described by a faster and a slower phase (Bernstein et al., 1996). Yu
et al. (1996) developed a comprehensive model for clearance of refractory ceramic
fibres from the rat lung, including macrophage-mediated translocation, dissolution and
breakage, in order to describe the experimental findings on fibre accumulation from
long-term inhalation studies. The inclusion of dissolution rate and breakage rate in the
model provided a better interpretation of the experimental data than could be achieved
with previously proposed models of fibre clearance.


Macrophage-mediated clearance can be prolonged significantly by several factors
that are important for both spherical particles and fibres. These include events asso-
ciated with particle overload and increased cytotoxicity of the particulate material
(ILSI, 2000). In addition, the length of fibrous particles is important when it inhibits
complete phagocytosis, as discussed above.


Particle overload occurs when high doses of poorly-soluble particles of low cyto-
toxicity are chronically deposited in the lung so that their daily rate of deposition exceeds
the normal rate of macrophage-mediated clearance (ILSI, 2000). It has been shown in
rats that these circumstances occurring together with retarded clearance cause persistent
alveolar inflammation, fibrosis and lung tumours (Donaldson, 2000; ILSI, 2000). It has
been suggested that the retarded clearance occurs when an average 6% of the volume of
the alveolar macrophage is filled with phagocytosed particles, and complete cessation of
clearance occurs when 60% of this volume is occupied by particles. Expressed in terms
of particle mass, overload occurs when 1–3 mg of particles per gram of rat lung have
been deposited (Morrow, 1988).


Other studies have suggested that the overload phenomenon correlates well with the
surface area of the retained particles, which may, indeed, be a better dose parameter than
particle volume or weight. It should be noted that overload-associated tumorigenic
effects have been observed for poorly soluble particles of low toxicity, and only in rats.
In contrast, cytotoxic materials such as crystalline silica particles show reduced alveolar
macrophage-mediated clearance at lung burdens that are two orders of magnitude lower
and presumably through mechanisms unrelated to overload. Impaired clearance of long
fibres also involves mechanisms that do not meet the definition of lung overload
(Oberdörster et al., 1994; Tran et al., 2000; Oberdörster, 2002).
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The concept of lung overload is important with respect to fibres because experi-
mental studies of inhaled fibres in rodents always include non-fibrous material and non-
phagocytosable short fibres. Indeed, the non-fibrous particles, if they are biopersistent,
can enhance the effects of the fibres or may contribute to chronic effects, such as
fibrosis, lung tumours and mesotheliomas. For example, Davis et al. (1991) showed that
in rats chronically exposed to asbestos fibres in combination with titania or crystalline
silica particles, the incidence of lung tumours and mesothelioma was significantly
increased compared with that seen with exposure to asbestos alone. Bellmann et al.
(2001) demonstrated that RCF1 containing a large fraction of non-fibrous material
induced a severe retardation of macrophage-mediated clearance of tracer particles,
whereas a similar number of RCF1 fibres without the non-fibrous particles did not. The
authors suggested that this was due to overload of the alveolar macrophages by the non-
fibrous RCF1 particles, which could be the mechanism of lung tumour induction that
had been reported in earlier long-term inhalation studies with RCF1 in rats (Mast et al.,
1995a,b), a suggestion reiterated by Mast et al. (2000b). [The Working Group noted that
an amount of low-toxicity non-fibrous particles equivalent to that determined to be
retained in the lung by Bellmann et al. (2001) would not induce complete cessation of
clearance of tracer particles, suggesting that particles or fibres of RCF1 have a greater
cytotoxic potential than a low-toxicity particle such as titania, or that an unknown
particle or fibre synergism exists. The Working Group also noted that combined expo-
sure to particles and fibres is likely to occur at the workplace, but the ratio of particles
to fibres was higher in RCF1 than that ever seen anywhere else, although not usually at
levels that would induce overload (Maxim et al., 1997).]


The fact that lower doses of cytotoxic non-fibrous particles can cause the same
chronic effects in rats as high doses of low-toxicity fibres underlines the importance
of considering not only the fate of the longer, incompletely phagocytosable fibres, but
also that of the shorter fibres. The latter should not induce impairment of the alveolar
macrophage-mediated clearance function when the alveolar macrophage burdens are
below overload. However, if the material under study were cytotoxic, similar effects
to those with crystalline silica would be seen.


(a) Studies in animals
Mast et al. (1994) conducted inhalation studies to explore clearance of different


types of refractory ceramic fibres. Rats were exposed to samples of RCF1, RCF2,
RCF3 and RCF4, 1 µm in diameter and 22–26 µm in length (high purity kaolin,
zirconia) and hamsters were exposed to kaolin (RCF1). For comparison, other groups
of animals were exposed to chrysotile fibres. Exposure to airborne concentrations
ranging between 3 and 30 mg/m3 took place for 6 h per day on five days per week for
24 months. The lung burden of refractory ceramic fibres was found to be related to
exposure: at high doses, it exceeded 108 fibres/g dry lung. During the various recovery
periods there was a clear reduction in fibre burden. Despite the smaller airway size in
hamsters compared with rats, the alveolar deposition of refractory ceramic fibres per
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breathing cycle in hamsters was found to be higher than that in rats, and the calculated
mean size of deposited fibres was larger in hamsters than in rats. Also, alveolar
clearance of refractory ceramic fibres was faster in hamsters. The clearance rate in
hamsters appeared to be independent of fibre length, but varied with the lung burden.
The faster clearance rate in hamsters resulted in a lower accumulation of fibres per unit
weight of the lung after a long period of exposure (Yu et al., 1995b).


To study the deposition and clearance of aluminium silicate ceramic fibres in the
lung, Yamato et al. (1994a) exposed male Wistar rats to ceramic fibres with a mass
median aerodynamic diameter (MMAD) of 3.7 µm for 6 h per day on five days per week
for two weeks. The average concentration of fibres was 27.2 mg/m3 (standard deviation,
9.0). The rats were examined on day 1, and at 1 month, 3 months and 6 months after the
end of the exposure period, and the numbers and dimensions of the fibres were analysed
by scanning electron microscopy (SEM). No significant differences in the lengths of
residual refractory ceramic fibres in the lungs was found between the groups. The
geometric mean diameter and number of refractory ceramic fibres, however, decreased
according to the clearance period suggesting that the fibres were dissolved at their
surface (see also Yamato et al., 1994b). Furthermore, the findings of Yu et al. (1994)
who modelled the results of Mast et al. (1994) with RCF1 suggested that the clearance
rate of refractory ceramic fibres from the lungs did not depend significantly upon fibre
length, but that there was a clear dependence on lung burden — as lung burden
increased, the clearance rate was found to decrease. Yu et al. (1996; 1997) used data on
refractory ceramic fibres to develop a model for predicting the retention of refractory
ceramic fibres in the lung of rats and humans. The model predicted that clearance of
refractory ceramic fibres would not be significantly reduced in humans until the fibre
concentration approaches 10 fibres/cm3 during occupational exposure. 


Rats were exposed to crocidolite or amosite asbestos or to a variety of man-made
vitreous fibres (MMVFs) for five days by nose-only inhalation (6 h per day). In animals
exposed to either of the asbestos types or to the more durable MMVFs (as determined
by in-vitro assay; see section 4.1.4(a)), shorter fibres tended to clear from the lung more
rapidly than longer fibres. However, the reverse was true for the less durable MMVFs.
One year after termination of exposure, the percentages of crocidolite fibres (for which
in-vivo dissolution is likely to be negligible or nil) retained in the lung were 35% for
fibres < 5 µm but 83% for fibres > 20 µm in length. In contrast, the percentage retained
after one year for MMVF22 slag wool (a non-biopersistent fibre) was 1% for fibres
< 5 µm and < 1% for fibres > 20 µm (Hesterberg et al., 1996a). 


In a second similar study, the percentages retained after a 30-day recovery period
were 14%, 19% and 63% after treatment with amosite asbestos, RCF1a and high-
alumina, low-silica (HT) (rock) stone wool fibres < 5 µm, respectively, and 60%, 50%
and 3%, respectively, for amosite asbestos, RCF1a and high-alumina, low silica fibres
with average lengths > 20 µm (Hesterberg et al., 1998b). Thus, in all cases, for the more
biopersistent and slowly-dissolving fibres the long fibres disappeared more slowly than
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the shorter fibres. For the less biopersistent fibres the long fibres disappeared consi-
derably faster than the shorter fibres.


In another study in which rats were exposed to fibres by nose-only inhalation
(5 days of exposure, for 6 h per day), the weighted lung-retention half-times (WT1/2;
discussed below) for eight non-biopersistent MMVFs were longer for shorter fibres
than for longer fibres. For a commercial rock (stone) wool that was more biopersistent,
the WT1/2 for long fibres was the same as for short fibres (Bernstein et al., 1996).


The same trend was observed in a fourth study in which rats were exposed to six
MMVFs by either intratracheal instillation or inhalation. The investigators observed
that, for the more soluble fibres, the long fibre (> 20 µm) fractions appeared to clear
faster than the shorter fibre fractions following both inhalation and intratracheal
exposure (Morgan, 1994; Bernstein et al., 1996).


On the basis of the experimental findings, a mechanism has been proposed to
explain the various length-related patterns of fibre retention. Short fibres are probably
phagocytosed and transported fairly quickly by the alveolar macrophages from the
lower lung up to the ciliary escalator of the upper airways and then cleared to the oral
pharynx, whereas fibres > 20 µm in length are unlikely to be phagocytosed completely
and cleared from the airways through similar mechanisms. The clearance of longer
fibres from the lower lung would then depend upon dissolution or transverse breakage.
Thus, for fibres for which dissolution is negligible (i.e. crocidolite asbestos) or very
slow (traditional refractory ceramic fibres) the longer fibres disappear more slowly.
The breakage of long fibres would increase the population of short fibres, while at the
same time macrophage-mediated clearance would be reducing this population. Thus,
the number of short fibres in the lung at any given time would be the combined result
of addition by fragmentation and subtraction by translocation (Hesterberg et al.,
1998b).


To explain the differences between clearance rates of short and long fibres, other
investigators have postulated a different mechanism based on intracellular versus
extracellular lung compartments. They suggested that inhaled fibres > 20 µm, which
are too long for complete engulfment by macrophages, would tend to be in the
extracellular compartment of the lung at near-neutral pH. The shorter fibres would tend
to be in the intracellular compartment, i.e. the phagolysosomes of macrophages, where
they would be subject to an acidic pH and various digestive factors (Morgan et al.,
1982; Christensen et al., 1994; Luoto et al., 1995, 1998). This mechanism is dealt with
in more detail below and in section 4.1.4(a)(iv) on dissolution in in-vitro cell culture. 


(b) Studies in humans
The experimental data on deposition, retention and clearance suggest that some of


the parameters found to be important in rodent studies should also be taken into
account in human studies.
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The bivariate length:diameter distribution of fibres and the proportion of non-fibrous
particles are determined by the conventional WHO (or NIOSH) phase contrast optical
microscopy (PCOM) methods used in industrial hygiene (NIOSH, 1994; WHO, 1996).


Few data are available on the assessment of fibre retention in human lung tissue.
A case–control study of autopsies from the US MMVF production cohort used


analytical transmission electron microscopy (TEM) to determine retention of fibres in
the lung. The cases were production workers (101 in glass wool, 11 in rock (stone) and
slag wool); the controls were 112 consecutive autopsies from the same hospital. The
mean duration of exposure was 11 years and the mean time elapsed since the end of
exposure was 12 years. No significant difference was observed in retention of MMVFs
in the lung: MMVFs were detected in only 29 of the 112 production workers, of whom
14 had > 200 000 fibres/g dry lung, and 28 of the 112 controls, of whom six had
> 200 000 fibres/g dry lung. Moreover, 10 of the 112 cases and two of the 112 controls
had more than 1 million asbestos fibres/g dry lung (p < 0.05). The authors concluded
that either MMVFs disappeared from the lung in less than 12 years (the numbers of
fibres detected at autopsy in cases and in controls corresponded to those found after
environmental exposure), or workers involved in the production of MMVFs did not
inhale enough respirable MMVFs to result in a difference when compared with controls
12 years after the end of exposure, or the fixative fluids of the lung could have altered
some retained fibres. They also noted that some of the MMVF production workers had
also been exposed to asbestos (McDonald et al., 1990).


Two case reports on refractory ceramic fibre production workers, one in Europe
(Sébastien et al., 1994) and one in the USA (INSERM, 1999), found that refractory
ceramic fibres were recovered in bronchoalveolar lavage (7 cases in Europe) or in lung
tissue (3 cases in the USA). All workers were still exposed to refractory ceramic fibres
a few days before analysis. A significant number of refractory ceramic fibres were
counted (63–764 fibres/mL in the European cases): most of the fibres had been
morphologically and chemically modified (i.e. by ferruginous coating or loss of silicon
and aluminium compatible with some leaching). In a review of 1800 bronchoalveolar
lavage fluids from consecutive clinical series in the same chest clinic from 1992–97,
pseudo-asbestos bodies on refractory ceramic fibres were detected by analytical
electron microscopy in samples from nine subjects (0.5%) engaged in metal industries
(foundry workers, steel workers, welders). No ferruginous bodies were detected on
glass, rock (stone) or slag fibres in this series. This study also demonstrated that refrac-
tory ceramic fibres can form ferruginous bodies on durable fibres similar to asbestos.
The authors concluded that refractory ceramic fibres have a residence time in the lung
of at least several months, and that they interact with alveolar macrophages. Moreover,
the reported presence of the typical ferruginous bodies detected by PCOM in lung,
bronchoalveolar lavage fluids or induced sputum from end-users of refractory ceramic
fibres should be interpreted with caution to ensure that they are not confused with
asbestos bodies (Dumortier et al., 2001). Coated fibres have also been observed after
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exposure of workers to silicon carbide fibres (Kilburn & Warshaw, 1991; Dufresne
et al., 1995).


4.1.3 Fibre biopersistence, concepts and definition


The term biopersistence as it applies to the presence of fibres in the lung was
adopted to refer to the capacity of fibres to persist and to conserve their chemical and
physical features over time in the lung (Hammad, 1984; Bernstein et al., 1996;
Hesterberg et al., 1998a,b; Searl et al., 1999; Oberdörster, 2000; Hesterberg & Hart,
2001).


Increasing emphasis has been placed on clearance and retention of MMVFs in
discussing the role of mechanistic data in risk assessment for adverse health effects
induced by fibres (McClellan, 1997). This is partly because the biopersistence of fibres
has been shown to play an important role in the effects on health of man-made and
other mineral fibres. The retention kinetics of fibres are usually influenced by their
chemical composition, size distribution and amount in the lung and may vary with time
after exposure (Ellouk & Jaurand, 1994; Muhle et al., 1994; Muhle & Bellman, 1995,
1997). Several studies have suggested that the oncogenic potential of long MMVFs is
determined by their biopersistence (Mast et al., 2000b; Bernstein et al., 2001a; Eastes
& Hadley, 1996; Moolgavkar et al., 2001a). Pott et al. (1987) and Bernstein et al.
(2001a,b) suggested that a certain minimum persistence of long fibres is necessary
before early changes start to appear in the lung. Furthermore, Moolgavkar et al.
(2001b) have suggested, on the basis of their model, that fibre-induced cancer risk, in
addition to being a linear function of exposure concentration, is also a linear function
of weighted half-time of the fibres. There are also significant interspecies differences
in cancer susceptibility. Although comparisons between species may be difficult, rats
are considered to be the preferable model for assays of toxicity and oncogenicity for
particulate materials (ILSI, 2000). In view of the increasing body of experimental
evidence for the role of biopersistence in fibre toxicity, it is not surprising that several
attempts have been made to reduce the biopersistence of fibres by increasing their
biosolubility through changes in the chemical composition of the raw material of the
fibres (Guldberg et al., 2000). 


The influence of fibre length on fibre toxicity was first shown for asbestos fibres.
Vorwald et al. (1951) showed that long fibres (20–50 µm) were associated with both
lung and peritoneal disease whereas shorter, ball-milled fibres (3 µm or less) were not.
The importance of the in-vivo durability of a fibre and of fibre dimension in the
pleural and intraperitoneal cavities was determined in the early studies of Stanton &
Wrench (1972) and Pott et al. (1974). Long, thin and durable fibres have the greatest
potential to cause tumours. In an early study on the biopersistence of synthetic mineral
fibres, Hammad (1984) found that retention of refractory ceramic fibres < 5 µm in
length was relatively low following short-term inhalation. With longer fibres,
retention increased sharply, reached a peak at a fibre length of 11 µm, and then
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decreased again; fibres with lengths > 30 µm cleared most slowly. A less durable fibre
tested in the same study cleared more rapidly. This knowledge provides the basis for
the concept of fibre biopersistence: that is, the longer a fibre persists in the lower
respiratory tract, the greater its likelihood to cause effects, especially if it is longer than
20 µm (Bernstein et al., 1996; Hesterberg et al., 1998a,b).


The scheme in Figure 11 summarizes the different processes that contribute to the
biopersistence of a fibre (Oberdörster, 2000). The pulmonary retention half-time of a
fibre, determined in an in-vivo study, reflects its biopersistence, which is determined by
elimination due to physiological clearance processes such as translocation to the larynx
by alveolar macrophages, into the interstitium, via the lymphatic system and the pleura,
and to physicochemical processes that affect biodurability, such as dissolution, leaching
and breaking. As discussed in section 4.1.2, physiological clearance rates such as those
for macrophage-mediated removal are very different between humans and rodents; in
contrast, it is assumed that physicochemical processes occur at similar rates. The
breakage of incompletely phagocytosed long fibres into shorter fragments can decrease
their biopersistence significantly; at the same time, the shorter fragments enter the pool
of the short fibres, which can result in an apparent increase in their biopersistence.
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Figure 11. Factors contributing to the biopersistence of fibres in the lung
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The goal of a biopersistence assay is to assess the potential for accumulation of
fibres after long-term exposure. However, it should be noted that the retention time for
a fibre derived from a short-term (e.g. 5-day) inhalation assay may be lower than the
value determined from a subchronic or chronic inhalation study. Therefore, a retention
time determined from a short-term assay should not be used to predict accumulation of
fibres in the lung during a long-term study. Various methods are available to determine
the retention of fibres in the respiratory tract. Short-term (5-day) inhalation studies in
rats have been designed for the determination of fibre retention (Bernstein et al., 1994;
Bernstein & Riego-Sintes, 1999). In order to exclude the influence of mucociliary
clearance, measurements of retention are generally started some time after exposure.
A two-phase pattern of retention is generally observed for the three categories of fibre
length, i.e. < 5 µm, 5–20 µm and > 20 µm. For the shorter, phagocytosable fibres, the
underlying mechanisms for these phases should be similar to those described for alveo-
lar clearance of non-fibrous particles (see section 4.1.2), i.e. involving clearance path-
ways of different lengths from the site of deposition by translocation to the mucociliary
escalator as well as dissolution in alveolar macrophages; for long fibres, dissolution
and breakage can be assumed to be the main mechanisms to explain the two-phase
clearance.


(a) Fibre biopersistence studies (see Table 65)
In the absence of highly toxic elements or surface structures, a more biopersistent


fibre will have a greater potential to induce biological effects in the lung. In addition,
biopersistent fibres are more likely than rapidly-clearing fibres to be taken up by the
lung epithelium and translocated into the interstitium and on to the pleura and thoracic
cavity, where they would continue to cause irritation and inflammation. Thus, a more
biopersistent fibre may have an impact on a broader range of target tissues. For example,
the overall retention of glass fibres in vivo depends not only on their chemical compo-
sition, but also on their length. This effect has been attributed to differences in the micro-
environment to which long and short fibres are exposed. Although this phenomenon
appears to operate with all the glass fibres examined, it does not apply to the MMVFs
that dissolve more readily in environments with low pH (Morgan, 1994; Baier et al.,
2000).


Overall, recent chronic studies of vitreous and asbestos fibres conducted in rodents
indicate a relationship between persistence of fibres in the lung and the severity of their
biological effects (for reviews, see Bernstein et al., 2001a,b; Hesterberg & Hart, 2001). 


After deposition in the lung, biopersistent fibres such as crocidolite or amosite
asbestos exhibited little or no change in chemical composition, surface morphology or
dimension (suggesting no significant leaching, dissolution or transverse fragmen-
tation), whereas fibres with lower biopersistence such as MMVF10 and MMVF11 and
the newly developed high-alumina, low-silica (HT) stone wool did show changes as
follows:


— compositions changed and surfaces often showed signs of erosion;
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Table 65. Lung biopersistence, in-vitro dissolution and pathogenicity of selected fibres from inhalation studies in rats


Biopersistence: fibres > 20 µm in length; lung
clearance rates


Pathogenicity (chronic inhalation)Fibre


Slower
pool
(T½)


WT½
(days)


90%
clearance
(T90, days)


Reference


In-vitro
dissolution
(kdis) at
pH 7.4
(pH 4.5)*


Lung
fibrosis


Thoracic
tumours


Reference


Amosite Asbestos 1160 418 2095 Hesterberg
et al. (1998a)


< 1 + + McConnell
et al. (1999)


Crocidolited Asbestos       0 817 2770 Hesterberg
et al. (1996a)


< 1 + + McConnell
et al. (1994)


MMVF32 E Glass wool   179   79   371 Hesterberg
et al. (1998a)


    9 (7) + + Davis et al.
(1996a)


RCF1aa Refractory ceramic
fibre


    88   55   227 Hesterberg
et al. (1998a)


    3 + + Mast et al.
(1995a,b)


MMVF33 475 Glass wool   155   49   240 Hesterberg
et al. (1998a)


  12 (13) + +/–b Davis et al.
(1996a);
McConnell
et al. (1999)


MMVF21 Rock (stone) wool
(96)


  613   91   206 Hesterberg
et al. (1996a)


  20 (72) + – McConnell
et al. (1994)


MMVF21 Rock (stone) wool
(98)


    95   67   264 Hesterberg
et al. (1998a)


MMVF10d 901 Glass wool
(96)


      0   37   123 Hesterberg
et al. (1996a)


300 (329) – – Hesterberg
et al. (1993)


MMVF10.1c 901 Glass wool     30   14.5     69 Hesterberg
et al. (2002)


– – McConnell
et al. (1999)
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Table 65 (contd)


Biopersistence: fibres > 20 µm in length; lung
clearance rates


Pathogenicity (chronic inhalation)Fibre


Slower
pool
(T½)


WT½
(days)


90%
clearance
(T90, days)


Reference


In-vitro
dissolution
(kdis) at
pH 7.4
(pH 4.5)*


Lung
fibrosis


Thoracic
tumours


Reference


X607 Hybrid fibre     94   10     18 Bernstein
et al. (1996)


990 – – Hesterberg
et al. (1998a)


MMVF11 Glass wool     31     9     38 Hesterberg
et al. (1996a)


100 (25) – – Hesterberg
et al. (1993)


MMVF22 Slag wool     35     9     37 Hesterberg
et al. (1996a)


400 (459) – – McConnell
et al. (1994)


MMVF10B 901F Glass wool     20     8     38 Hesterberg
et al. (2002)


500 ND ND


MMVF35 902 Glass wool     18     7     33 Hesterberg
et al. (2002)


150 ND ND


MMVF34 HT Stone wool     24     6     19 Hesterberg
et al. (1998a)


  59 (620) – – Kamstrup
et al. (1998)


From Hesterberg et al. (2002); biopersistence data based on 5-day inhalation studies; pathogenicity based on chronic rodent inhalation studies
ND, no data (chronic toxicity not evaluated); T½, retention half-time of slow clearance phase (if biexponential) or of one clearance phase (if monoexpo-
nential); WT½, weighted retention half-time; T90, number of days to clear 90% of fibres, calculated from model using estimated fibres/lung directly
after exposure (rather than on day 1 of recovery); kdis, ng/cm2/h; minus sign (–) indicates no fibrosis or tumour incidence not significantly different
from background incidence in the test species.
* From Zoitos et al. (1997); Hesterberg et al. (1998a,b); reviewed in Hesterberg & Hart (2001)
a RCF1a (biopersistence studies) was modified from RCF1 (chronic studies) to contain fewer non-fibrous particles.
b +/– indicates tumorigenicity in hamsters (one mesothelioma in 83 animals), but not in rats; Hesterberg et al., 1998a; Davis et al., 1996a.
c MMVF10.1 was size-selected from MMVF10 to have longer and thinner average dimensions. The original MMVF10 was used for previously
published chronic and biopersistence studies (Hesterberg et al., 1993; 1998b).
d Monoexponential retention curve
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— fibre dimensions decreased; and
— the number of long fibres per lung decreased more rapidly than the number of


short fibres per lung (suggesting transverse fragmentation)
(Bernstein et al., 1984; Morgan & Holmes, 1986; Musselmann et al., 1994a,b;
Hesterberg et al., 1996b, 1998b).


In two studies, rats were exposed by nose-only inhalation to high concentrations
of one of eight different MMVFs or to one of two types of asbestos for five days (6 h
per day) and were then kept without further exposure. After post-exposure intervals of
up to one year, five to seven animals per exposure group were killed and their lung
fibre burdens were evaluated. (Hesterberg et al., 1996c, 1998b). 


In the first of these studies, rats were exposed to two standard glass wools used in
building insulation (MMVF10 and MMVF11), slag wool (MMVF22) or traditional rock
(stone) wool (MMVF21) at approximately 250–350 WHO fibres/cm3 > 5 µm (including
~100 fibres > 20 µm/cm3) or to crocidolite asbestos at approximately 2600 WHO fibres/
cm3 > 5 µm (including ∼290 fibres > 20 µm/cm3) (Hesterberg et al., 1996c). In the
second study, rats were exposed to a refractory ceramic fibre (RCF1a), a traditional rock
(stone) wool (MMVF21), JM E glass wool (a special application microfibre)
(MMVF32), JM 475 glass wool (a special application microfibre) (MMVF33) or the
newly developed high-alumina, low-silica (HT) stone wool (MMVF34) at ~400 WHO
fibres/cm3 (including ~150 fibres > 20 µm/cm3) or to amosite asbestos at ~800 WHO
fibres/cm3 > 5 µm (including 235 fibres > 20 µm/cm3) (Hesterberg et al., 1998b). The
MMVFs tested had approximate arithmetic mean dimensions of 1 µm × 20 µm and
geometric mean dimensions (GMD) of 0.7–0.9 µm diameter and 12–16 µm length. The
crocidolite fibres were smaller than the MMVFs (GMD, 0.3 µm × 4.2 µm), but the
amosite fibres were more comparable in size (GMD, 0.5 µm × 7.7 µm). 


The rat lungs were analysed at intervals during a one-year post-exposure recovery
period for numbers of fibres in the lung, dimensions, morphology and chemical compo-
sition. In both of these biopersistence studies, the deposition in the lung of long fibres
(> 20 µm) was roughly comparable for the eight MMVFs and the two types of asbestos
(crocidolite and amosite) as measured by the lung burden one day after cessation of
exposure. However, the deposition of shorter fibres was greater for asbestos than for the
MMVFs. The lung burdens of the MMVFs were more similar to those of amosite than
to those of crocidolite (both in numbers and dimensions). 


In both studies, asbestos fibres cleared much more slowly than the MMVFs: WT1/2
retention times for fibres > 20 µm were 817 days for crocidolite and 418 days for
amosite, compared with 6–67 days for MMVFs. After one year of recovery, retention
of fibres > 20 µm in the lung was 83% for crocidolite and 30% for amosite, compared
with 0–10% for the MMVFs. 


The different MMVFs had a broad range of retention times: WT1/2 values were
49–79 days for the slower-clearing MMVFs (rock (stone) wool, the two special-appli-
cation glass wools and refractory ceramic fibre), and only 6–9 days for the more rapidly-
clearing MMVFs (the two standard building-insulation glass wools, slag wool and high-
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alumina, low-silica (HT) stone wool). Of all fibre compositions and length categories
tested in both of these biopersistence studies, the number of HT rock (stone) wool fibres
> 20 µm per lung underwent the most rapid reduction. By 30 days post-exposure, the
lung burdens of HT fibres > 20 µm were 3% of those measured on day 1 and by 180
days, they had been reduced to background levels (Hesterberg et al., 1998b).


For asbestos and the more biopersistent MMVFs, the number of short fibres
tended to decrease more rapidly than the number of long fibres. The investigators
suggested that this was a likely result of macrophage-mediated lung clearance, which
is more efficient for shorter fibres. However, for the more biosoluble MMVFs, the
numbers of long fibres decreased more rapidly than the number of short fibres. The
investigators suggested that this could be a result of a rapid rate of transverse breakage
of long, biosoluble fibres into short fibres. Transverse fragmentation of fibres has been
demonstrated in vitro for rapidly leaching compositions of MMVF (Bauer, 1998a).


During the year of post-exposure recovery, changes in the dimensions of the fibres
in the lung were noted. For the less biopersistent MMVFs, mean lengths decreased,
suggesting transverse breakage and/or dissolution. The mean lengths of fibres of
crocidolite and amosite increased, suggesting selective clearance of shorter fibres by
macrophages; their diameters remained unchanged. 


Analysis of HT rock (stone) wool fibres deposited in the lung by energy dispersive
spectroscopy showed a decrease in the percentage of calcium oxide after the first 30
days of post-exposure recovery (Hesterberg et al., 1998b). After 91 and 365 days of
residence in the lung, the percentages of alkali oxides (Na2O) and alkaline earth oxides
(magnesium oxide and/or calcium oxide) in MMVF10, MMVF11 and MMVF22
showed significant decreases, while MMVF21 and crocidolite showed no change in
chemical composition (Hesterberg et al., 1996c).


Scanning electron microscopy (SEM; using magnification up to × 50 000) was used
to examine the morphology of fibres in the lung at several time points up to three
months post-exposure. At one extreme was amosite, in which no morphological
changes were observed in any of the fibres in the lung during the three months of
monitoring. Most of the refractory ceramic, rock (stone) wool and JM E glass fibres
(MMVF32) also underwent no visible changes during the three months. The JM 475
glass fibres (MMVF33) showed a range of morphological changes in the lung, from
negligible to fairly severe surface etching. At the other extreme were the slag wool and
HT stone wool fibres, most of which developed severe surface etching and other visible
indications of deterioration starting as early as one week post-exposure. Common
findings in HT stone wool fibres were crater-like surface pits, rounded or blunt ends,
dissolved cores and segmented fibre fragments lying end-to-end on the SEM stub filter,
the latter indicating transverse breakage during the final processing of samples.


Changes in the numbers of fibres and in their chemistry, dimensions and/or
morphology during residence in the lung were more pronounced for the eight MMVFs
than for the two types of asbestos. These changes were especially striking in the four
MMVFs that cleared most rapidly in the studies of biopersistence, did not produce lung
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fibrosis or tumours and were non-pathogenic in the chronic studies (the two insulation
glass wools, slag wool and HT stone wool). The induction of fibrosis and tumours by
a specific fibre type was found to be closely associated with its biopersistence and to a
lesser extent with its in-vitro rate of dissolution at pH 7.4 (discussed below). The
investigators concluded that these observations supported the hypothesis that the
biopersistence of inorganic fibres in the lung is a major determinant of fibre toxicity and
is determined in part by the rate of fibre dissolution (Hesterberg et al., 1998b). 


The biopersistence of nine MMVFs (four glass wools, four rock (stone) wools and
X-607) was evaluated in rats exposed to the fibres for five days (6 h per day) by nose-
only inhalation. The fibres included in the study were both commercial and experi-
mental compositions. After various post-exposure time periods, the whole lung was
removed and ashed and the fibres from the lung were analysed. At the end of the period
of exposure, the lung burdens for the nine fibres ranged from 5.7–33 × 106 fibres/lung
and fibres had geometric mean diameters of ~0.5 µm. The WT1/2 of the nine fibres was
11–54 days for WHO fibres and 2.4–45 days for fibres > 20 µm. For one of the fibres,
a commercial rock (stone) wool, the number of longer fibres (> 20 µm) per lung
declined more rapidly than that of shorter fibres. The WT1/2 of the nine fibres correlated
quite well with their rates of in-vitro dissolution (Bernstein et al., 1996). 


Groups of male Fischer 344 rats were exposed to six MMVFs (three glass wools,
two rock (stone) wools and RCF1a) by either nose-only inhalation (5 days, 5 h per day;
target aerosol concentration, 30 mg/m3) or by intratracheal instillation (0.5 mg fibres in
0.3 mL saline per day for 4 days). Subgroups of rats were killed after various post-
exposure intervals, the whole lung was ashed and fibres recovered from the lung were
analysed. For all the glass wools and rock (stone) wools, longer fibres (> 20 µm) cleared
more rapidly than WHO fibres (> 5 µm); for RCF1a, the rate of clearance of both size
fractions was about the same. Following intratracheal instillation, the WT1/2 of fibres
> 20 µm for the glass and rock (stone) wools varied between 3 and 12 days, but RCF1a
had a WT1/2 of > 1000 days. Following inhalation exposure, the WT1/2 of fibres > 20 µm
was 4–6 days for the glass and rock (stone) wools, but 64 days for RCF1a. The authors
suggested that the very long WT1/2 seen for RCF1a seen after intratracheal instillation
may have been due to agglomeration in the bronchi (Bernstein et al., 1997).


Rats received eight different types of mineral fibre by intratracheal injection, and
the relative biopersistence of the fibres in different size categories was assessed from
the changes in mean lung burden, as determined by SEM, at three days and one, six and
12 months after instillation. The samples tested included the commercially available
glass fibre 100/475, six size-selected fibre types specifically prepared for research
purposes (MMVF10, MMVF21, MMVF22, RCF1, RCF2 and RCF4), and amosite.
Short fibres were cleared by cellular processes and long fibres by dissolution and
disintegration. The differences in persistence of long fibres (> 20 µm) of these fibre
types were correlated with the rates of dissolution measured in vitro. The differences in
persistence noted for those fibre types that had also been studied by other research
groups were consistent with their findings, both after administration of fibres by
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inhalation and intratracheal injection. The biopersistence of the different fibres was
influenced by their dimensions and solubility. For the six more durable compositions
tested (amosite, 100/475, MMVF21, RCF1, RCF2 and RCF4), long fibres tended to
clear from the lung more slowly than short fibres. For the two less durable fibres
(MMVF10 and MMVF22), in contrast, longer fibres cleared more rapidly than shorter
ones (Searl et al., 1999). 


(b) Fibre biopersistence and pathogenicity
Several short-term cellular tests for predicting the pathological effects of parti-


culates and fibres are reported in sections 4.2–4.5, but the results often do not correlate
with the results of studies on biopersistence in vivo. This indicates that, as documented
in a recent workshop report, several chemical and biological properties in addition to
biopersistence have to be considered in order to screen for pathogenicity of fibres
(Fubini et al., 1998).


In an early study, male Fischer 344/N rats were exposed to size-separated respirable
fractions of glass fibre with compositions representative of common building-insulation
wools. The animals were exposed in nose-only inhalation chambers for 6 h per day on
five days per week for 24 months to either 3, 16 or 30 mg/m3 of two different compo-
sitions of glass fibre (MMVF10 and MMVF11). Filtered air was used as a negative
control treatment. The findings for glass fibre were compared with those from a
concurrent inhalation study of chrysotile asbestos and refractory ceramic fibre. Fibres
were recovered from digested lung tissue for the determination of changes in fibre
number and morphology. In animals exposed to 30 mg/m3 MMVF10 or MMVF11,
4.2 × 108 and 6.4 × 108 fibres/g dry lung tissue, respectively, were recovered after
24 months of exposure. For rats exposed to refractory ceramic fibres and chrysotile
these numbers were 3.7 × 108 and 1.9 × 1010 fibres/g dry lung, respectively. Exposure to
chrysotile asbestos (10 mg/m3) and to a lesser extent to refractory ceramic fibres
(30 mg/m3) resulted in pulmonary fibrosis as well as mesothelioma and significant
increases in the incidence of lung tumours. Exposure to glass fibre was associated with
an inflammatory macrophage response in the lungs that did not appear to progress after
6–12 months of exposure. These cellular changes were reversible. No lung fibrosis was
observed in the animals exposed to glass fibre, and neither mesotheliomas nor statis-
tically significant increases in the incidence of lung tumours were observed, when
compared with the negative-control group (Hesterberg et al., 1993). 


Inhalation studies (McConnell, 1994; McConnell et al., 1994; Mast et al., 1995a,b;
McConnell et al., 1995) were also conducted in rodents to determine the chronic biolo-
gical effects of rodent-respirable fractions of MMVFs including refractory ceramic
fibres, glass fibre, rock (stone) wool (MMVF21) and slag wool (MMVF22). Animals
were exposed by nose-only inhalation for 6 h per day on five days per week for
18 months (Syrian golden hamsters) or 24 months (Fischer 344/N rats). Exposure to
10 mg/m3 of crocidolite or chrysotile asbestos induced pulmonary fibrosis, lung
tumours and mesotheliomas in rats and hamsters, in these chronic inhalation studies.
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Exposure of rats to 30 mg/m3 refractory ceramic fibres also resulted in pulmonary
fibrosis and pleural fibrosis as well as a significant incidence of lung tumours and
mesotheliomas. In hamsters, 30 mg/m3 refractory ceramic fibres induced a 41% inci-
dence of mesotheliomas. Exposure of rats to 30 mg/m3 glass fibre (MMVF10 or
MMVF11) or slag wool (MMVF22) was associated with an inflammatory response, but
no mesotheliomas or lung tumours were observed after 12 or 24 months of exposure.
The same dose of rock (stone) wool (MMVF21) resulted in minimal lung fibrosis and
no malignant tumours.


In a chronic inhalation study, male Wistar rats were exposed to an E-glass micro-
fibre (104E; a special-purpose fibre) at a concentration of 1000 fibres > 5 µm/mL of
air for 7 h per day on five days per week for 12 months. After a 12-month post-
treatment recovery period, the retained lung burden (of fibres of all lengths) was about
30% compared to the burden immediately after treatment. Amosite asbestos and
100/475 microfibres, which were used as controls, were retained at levels of 44% and
28%, respectively. The 104E fibres were thus slightly less persistent in the lungs than
amosite. The chemical composition of the 104E fibres did not change during their
24-month residence time in the lungs, but that of the 100/475 microfibres did. Expo-
sure of rats to 104E microfibres and amosite asbestos by inhalation markedly
increased the incidence of lung tumours (carcinomas and adenomas) and meso-
theliomas and induced pulmonary fibrosis. In contrast, in the animals treated with
100/475, little fibrosis, a few lung adenomas, no carcinomas, and no mesotheliomas
were observed (Cullen et al., 2000). [The Working Group noted that the low number
of fibres counted may explain some anomalies in the lung fibre burdens.]


Fischer 344 rats were exposed by nose-only inhalation to MMVF21 (traditional rock
(stone) wool) and MMVF34 (HT stone wool), for 6 h per day for five days, and then
followed post-exposure for up to 12 months. In a second study, rats were exposed for 6 h
per day for two years with a post-exposure follow-up until survival in the exposed group
was approximately 20%. The short-term study used concentrations of 150 fibres
(> 20 µm)/cm3 and the long-term study 30 mg/m3. In both these studies, the biopersis-
tence pattern for MMVF34 was similar. The biopersistence of MMVF34 was less than
that of MMVF21 when elimination half-lives after short-term inhalation were compared.
[The Working Group noted that the weighted half-times (WT1/2) reported in the studies
by Hesterberg et al. (1998b) and Kamstrup et al. (1998) increased from six to 17 and 27
days following inhalation for five days, three months and 12 months, respectively.] Only
minor histopathological changes were observed in the lungs of rats exposed to MMVF34
compared with those exposed to MMVF21 after up to 18 months. At this time,
MMVF21, but not MMVF34, had induced lung fibrosis. From the preliminary histo-
pathological results the authors considered it unlikely that animals exposed to MMVF34
would develop pulmonary tumours in excess of control incidences (Kamstrup et al.,
1998). 
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4.1.4 Fibre dissolution


(a) In-vitro dissolution (see Table 65)
(i) Cell-free systems


The physical and chemical mechanisms whereby fibres may degrade in the lung
have been studied extensively in vitro using balanced salt solutions (‘simulated lung
fluids’) (Law et al., 1990, 1991; Christensen et al., 1994; Luoto et al., 1994a,b; de
Meringo et al., 1994; Hesterberg et al., 1996a; Knudsen et al., 1996; Bauer, 1998a,b).
Because fibre dissolution and breakdown in the lung are important determinants of
lung clearance, in-vitro dissolution tests have been suggested for screening for toxicity
of fibres (Scholze & Conradt, 1987; Eastes & Hadley, 1996).


[The Working Group noted that dissolution of solids may be strongly influenced
by the presence of surfactant and molecules that selectively bind to surface ions.
Ascorbic acid, which is one of the major antioxidant defences in the lung lining layer,
makes crystalline silica more soluble than amorphous silica (Fenoglio et al., 2000).]


The dissolution of silica from a range of industrial MMVFs (including glass wool,
rock (stone) wool, slag wool and refractory ceramic fibres) was compared in vitro with
that of crocidolite, using a solution similar to that of Gamble (1967). The calculated
reductions in diameters (based on chemical analysis of the effluent) for the MMVFs
ranged from 0.2–3.5 nm/day. The corresponding value for crocidolite was <
0.01 nm/day. The rates of dissolution for glass fibres showed a 15-fold variation; the
solubility of samples of rock (stone) wool and slag wool (composition specified) was
intermediate among the fibres tested; and the solubility of the refractory ceramic fibres
was generally at the lower end of the range (Scholze & Conradt, 1987). Leineweber
(1984) also found great variability in the solubility of glass fibres (a 30-fold range in
the dissolution rate constants (kdis), from 3.0 to 0.1 ng/cm2/h); a refractory ceramic fibre
was found to be fairly insoluble (0.4 ng/cm2/h). These kdis values are much lower (by
about one order of magnitude) than those measured by Zoitos et al. (1997) and other
recent investigators. The dissolution rates (in ng/cm2/h ± SD) were reported for the
following fibres: MMVF21 (23 ± 11), MMVF22 (119 ± 41), MMVF11 (142 ± 39),
MMVF10 (259 ± 75) and RCF1 (8 ng/cm2/h; no SD given). Crocidolite has a very low
dissolution rate (0.3 ± 0.1). It is assumed that the experimental methods or the sensi-
tivity of the analytical method — comparing weights of residual fibre samples to
weights of initial fibre samples — may account for these discrepancies. 


Recent studies of in-vitro dissolution and degradation have typically employed a
flow-through dissolution system based on the work of Klingholz & Steinkopf (1984)
and Leineweber (1984), in which physiological fluid (similar to that described by
Gamble, 1967) is passed through a fibre sample. At various time-points, the effluent
from the flow-through system is analysed for dissolved fibre components. A
dissolution constant (kdis, ng/cm2/h) is then estimated from the effluent data (Potter &
Mattson, 1991). The flow rate must be rapid enough to clear the dissolution products
from the fibre surface, but not so rapid as to dilute the dissolution products so much
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that they cannot be analysed accurately. It is also important to note that silica and alumi-
nium compounds vary widely in the extent to which they are involved in the leaching
process. This makes analysis of a single component in the effluent unsuitable as a
means of comparing the dissolution rates of a wide range of compositions (Mattson,
1994).


A broad range of in-vitro dissolution rate constants (kdis, ng/cm2/h) were observed
for a variety of inorganic fibres tested in a flow-through system at near-neutral pH (i.e.
pH 7.4–7.6 which simulates the pH of extracellular fluid). The rates were as follows: < 1
for crocidolite asbestos; 8–12 for biodurable MMVFs, such as refractory ceramic fibres,
E-glass microfibre and 475 glass microfibre, and 100–300 for soluble MMVFs, such as
building-insulation glass wools and slag wool (Zoitos et al., 1997; Hesterberg et al.,
1996a, 1998a). Some fibres have much higher kdis values; for example, JM 909 building-
insulation glass fibre which has a kdis > 1000 (Hesterberg & Hart, 2001) and various new
or experimental compositions of rock (stone) wool and glass wool which have a kdis
> 500 (Hesterberg et al., 1998b). As noted by Hesterberg et al. (1998b), with rare
exceptions, the values for kdis for MMVFs at pH 7.4 have shown a good correlation with
in-vivo lung clearance and with pathogenicity.


Dissolution rates have also been studied using fluid at pH 4.5, which simulates the
acidic pH of the phagolysosome of macrophages (Etherington et al., 1981). Sébastien
(1994) found a good correlation between fibre clearance (from the rat lung following
intratracheal instillation) and the in-vitro dissolution rate, but only if kdis values at both
pH 7.7 and pH 4.5 were taken into consideration. Other researchers have stressed the
importance of using dissolution rates at both pHs to predict the in-vivo biopersistence
of a fibre (Guldberg et al., 1998, 2000). The HT stone wool (MMVF34) is a case in
point: it was observed to be non-persistent in the rat lung (weighted retention half-time
of fibres > 20 µm, 6 days; see above), but it did not dissolve rapidly in vitro at near-
neutral pH (kdis at pH 7.4, 59; Hesterberg et al., 1998b). However, HT did dissolve
rapidly at acidic pH (kdis at pH 4.5, 1100) (Knudsen et al., 1996; Guldberg et al., 1998). 


The in-vitro dissolution of seven traditional MMVF compositions was tested. The
fibres studied were JM 475/100 glass wool microfibre, building-insulation glass wool
(MMVF10), rock (stone) wool (MMVF21), slag wool (MMVF22), three refractory
ceramic fibres (RCF1, RCF2 and RCF4)) and amosite asbestos. Fibres were subjected
to either a static system (sodium oxalate at initial pH 4.6 or pH 7.0 for 56 days) or a
flow-through system (Kanapilly’s solution, similar to Gamble’s, at pH 7.4). Higher
in-vitro dissolution rates of these fibres corresponded with lower biopersistence in rat
lung following either intratracheal injection or inhalation of fibres (see above);
MMVF10 and MMVF22 were the least durable. After 56 days of treatment with
sodium oxalate, the percentage of silica dissolved at pH 4.6 was 31% for MMVF10,
51% for MMVF22, but < 1–6% for all other fibres; dissolution of silica at pH 7.0 was
15% for MMVF10 and 53% for MMVF22, but < 1–6% for all others. Flow-through kdis
values (ng/cm2/h) at pH 7.4 were: 122 and 53 for MMVF10 and MMVF22,
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respectively, but 0.5–29 for the other fibre types (kdis for amosite not reported) (Searl
et al., 1999). 


The effect of different chemical compositions of MMVF on their dissolution by
alveolar macrophages in culture and in cell-free Gamble’s solution was studied. The
fibres were exposed to cultured rat alveolar macrophages, culture medium alone, or in
Gamble’s saline solution for 2, 4 or 8 days. The dissolution of the fibres was studied
by measuring the amount of silicon (Si), iron (Fe), and aluminium (Al) in each
medium. The macrophages in culture dissolved Fe and Al from the fibres, but the
dissolution of Si was more marked in the culture medium without cells and in the
Gamble’s solution. The dissolution of Si, Fe, and Al was different for different fibres,
and increased as a function of time. The Fe and Al content of the fibres correlated
negatively with the dissolution of Si from the MMVFs by macrophages, i.e. the higher
the content of Fe and Al of the fibres the lower the dissolution rate of Si. The results
suggest that the chemical composition of the MMVF has a marked effect on its disso-
lution. Alveolar macrophages seem to affect the dissolution of Fe and Al from the
fibres. This suggests that in-vitro models with cells in the media rather than cell-free
culture media or saline solutions would be preferable in dissolution studies of
MMVFs (Luoto et al., 1994a).


Glass fibres with a mean diameter of 1 µm of different chemical composition and
obtained by different processes were characterized with respect to their solubility under
various test conditions and flow rates. The surface morphology was examined using
SEM and energy dispersive spectroscopy. The SEM revealed the typical formation of
various corrosion patterns: porous, gel-like outer layers, precipation zones, but, in some
cases, no modification of the surface aspect was seen. The results show that surface
changes depend strongly on the initial composition of the glass and on the test
conditions, particularly the flow rate (Lehuédé & de Meringo, 1994). 


To evaluate in-vitro dissolution of fibres, JM 475/100 microfibre glass wool and
amosite asbestos were suspended and incubated in sodium oxalate (pH 4.6 or 7.0) or in
0.1 M oxalic acid (pH 0.6), and the silicon content of the supernatants was determined
at intervals up to 56 days. Changes in pH were found to be minimal over this period.
After 56 days of incubation in sodium oxalate at either pH 4.6 or 7.0, JM 475/100 lost
about 6% of its silicon content, while amosite lost only 1–2%. After 28 days of incu-
bation in oxalic acid, JM 475/100 lost 29% of its silicon, while amosite lost only 9%
(Davis et al., 1996a). 


Several researchers have stressed the importance of establishing standardized
methods for estimating in-vitro dissolution rates (Mattson, 1994; Zoitos et al., 1997;
Guldberg et al., 1998). There is general consensus that a flow-through system similar
to that described by Potter and Mattson (1991), with a modified Gamble’s solution at
37 °C, would be an appropriate system (Searl et al., 1999). [The Working Group noted
that there is still some inter-laboratory variability in methodologies that affects the
consistency of the dissolution rates reported.] 
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(ii) Mechanisms of in-vitro fibre degradation
The fibre dissolution model using the rate constant, kdis, assumes simple (congruent)


dissolution (all fibre components dissolve at approximately the same rate, which is
constant over time), with fibre length and diameter decreasing at constant rates. In this
model, the fibre composition does not change during the dissolution process. However,
many MMVFs exhibit a high degree of leaching, i.e. incongruent dissolution, in which
certain components dissolve more rapidly than others. Leaching of the fibres changes
their composition over time and their morphologies show expanding zones of leached-
out, lower-density material. This material has been reported to react with other
components and form deposits on the fibres (Klingholz & Steinkopf, 1984; Leineweber,
1984; Potter & Mattson, 1991; Christensen et al., 1994; Hesterberg et al., 1996c; Bauer,
1998a,b; Hart et al., 1999). Differences in dissolution behaviour have been related to the
chemical composition of the fibres, i.e. high contents of alumina and silica favour
congruent dissolution, and to the manufacturing process (Potter & Mattson, 1991; Bauer,
1998a,b). In the manufacture of certain types of glass fibre, heating over a flame is used
in the fiberization process, and has been associated with the formation of a resistant
surface layer (Bauer, 1998b). Traditionally, fiberization in air at room temperature has
been used in the manufacture of most standard thermal and acoustic insulation wools,
while heating in a flame has been used for most special-purpose fibres (Hesterberg &
Hart, 2001).


Durability is determined not only by dissolution of fibres in extracellular or intra-
cellular fluid, but also by the physical condition of the fibre residuum; the fibre is no
longer resident in the lung once it has disintegrated into non-fibrous particles (Scholze
& Conradt, 1987). Furthermore, breakage of long fibres in the lung would increase the
probability of their clearance by macrophages. A positive correlation between the
leaching index (a measure of the change in fibre composition) and breakage was
demonstrated in a study of the in-vitro dissolution of 18 compositions of glass fibre in
Gamble’s solution at pH 7.4. Fibre breakage in vitro was apparently caused by
leaching-induced weakness followed by mild stress generated by the interwoven nature
of the fibres in the test system (Hesterberg et al., 1996a; Bauer, 1998b). Striking
fragmentation following in-vitro leaching was also exhibited by another rapidly-
leaching MMVF, X-607 fibre (Hesterberg & Hart, 2001). 


(iii) Relationship between in-vivo retention of fibres, in-vitro
dissolution rates and fibre composition


A relationship between in-vivo retention of long fibres and in-vitro dissolution rates
(kdis) at near-neutral pH has been reported by Searl et al. (1999) and by Maxim et al.
(1999a,b). In addition, Eastes et al. used linear regression techniques to develop
equations for the estimation of the dissolution rate of a wide variety of MMVFs. The
data used to develop these equations were derived from either data on in-vitro
dissolution rates (Eastes et al., 2000a), or from data obtained from in-vivo studies
(Eastes et al., 2000b,c). A correlation was shown between the estimate using these
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equations and the actual values measured in vitro for a wide range of compositions of
long fibres.


[The Working Group noted that the kinetic and thermodynamic approach used by
Eastes et al. (2000a,b,c) derived from homogeneous physicochemical systems, may
not fully apply to the complex multiphase system of a multicomponent fibre in a
biological fluid, where leaching and redeposition processes also occur (Hesterberg
et al., 1996a).]


(iv) Cellular in-vitro systems
The effect of macrophages on the dissolution of long and short glass wool and rock


(stone) wool fibres was studied in a flow-through cell-culture system. In this system,
culture medium flowed through a membrane on which the macrophages and fibres
were placed. Dissolution was estimated by measuring the concentrations of silicon,
iron and aluminium in the culture medium after various time periods. Compared with
the traditional static culture system, the flow-through system enables longer testing
periods and avoids pH changes resulting in the build-up of dissolution products of cells
and fibres (Luoto et al., 1994a). 


The dissolution of glass wool was faster in cell-free culture medium than in the
presence of macrophages in cell culture. The dissolution of rock (stone) wool was
slower than that of glass wool in cell culture. However, in a cell-free culture medium,
the dissolution of experimental rock (stone) wool was more pronounced than that of
commercial glass wool (Luoto et al., 1995, 1998). Glass wool released silicon faster
than rock (stone) wool, but rock (stone) wool released iron and aluminium faster than
glass wool. Fibres in the flow-through culture exhibited surface changes, such as
fractures, peeling and pitting. In the presence of macrophages, short fibres, < 20 µm
in length, were easily phagocytosed whereas longer fibres were incompletely phago-
cytosed by a large number of alveolar macrophages. Macrophages that had engulfed
fibres contained measurable amounts of silicon (Luoto et al., 1998). Man-made
vitreous fibres also induced ruffling and blebbing on the surface of rat alveolar macro-
phages: the exposed cells produced extensions which fastened them to the fibres or to
other cells to form clumps or clusters of cells and fibres, each cell engulfing part of a
fibre (Luoto et al., 1994b). 


Long, partly phagocytosed or non-phagocytosed glass wool fibres seemed to
disappear more rapidly than short, phagocytosed glass wool fibres, in agreement with
the observations of other investigators (Jaurand, 1994). However, it is possible that the
number of long fibres decreases because they break into short fibres and not because
they dissolve more rapidly than the short fibres. In general, the dissolution profiles
obtained in the flow-through cell culture system were rather similar to those seen in the
traditional static system, but the dissolution rate of individual fibres was more rapid in
the former. The overall conclusion of these investigators was that cell-culture systems
should be chosen rather than cell-free in-vitro systems when assessing fibre durability
and dissolution (Luoto et al., 1994a,b, 1995, 1996, 1998).
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The dissolution in synthetic simulated lung fluid (Gamble’s solution) of two
different fibres, biosoluble HT (rock) stone wool and the traditional MMVF21 stone
wool was investigated. Both fibres dissolved readily at pH 4.5, possibly due to the
presence of organic acids that are able to form complexes with aluminium. This
suggestion is supported by the observation that organic acids without this complex-
forming ability were ineffective in stimulating dissolution. The HT (rock) stone wool
dissolved faster than MMVF21, most probably because of the different ratios of Al/
(Al+Si) in the two types of fibre (0.40 and 0.25, respectively) (Steenberg et al., 2001).
This ratio has been shown to correlate well with the dissolution rate at pH 4.5 of a range
of fibres (Guldberg et al., 2000).


(b) In-vivo solubility
Christensen et al. (1994) suggested that the length of an inhaled fibre may determine


the pH environment in the lung to which that fibre is exposed — fibres longer than about
20 µm would be in the extracellular compartment where the pH is 7.4, while shorter
fibres would tend to be in the intracellular compartment of macrophages at pH 4.5.
Lehuédé et al. (1997) found that the changes in fibre composition observed in vivo were
similar to those observed in vitro at pH 7.4, but not at pH 4.5, although only one type of
fibre was tested at pH 4.5. See section 4.1.4(a)(iv) for a further discussion on fibre disso-
lution in in-vitro cell cultures of macrophages (Luoto et al., 1994a,b, 1995, 1998).


The retention of fibres in the lung was studied following the exposure of Fischer
344/N rats by inhalation and compared with dissolution in a cell-free flow-through
system in vitro. The 10 samples of MMVF studied included compositions similar to
commercial insulation materials as well as new glass fibres and rock (stone) wools
developed to enhance solubility. The compositions of many of these fibres changed
with increasing time in the lungs, with a depletion in sodium oxide, calcium oxide and
magnesium oxide, and relative enrichment in silica and alumina (Lehuédé et al., 1997).
The in-vivo findings agree with those reported by other investigators (Hesterberg et al.,
1996a, 1998a,b).


Thus, if fibres are too long for macrophage-mediated clearance and if their chemical
composition renders them resistant to breakdown in lung fluids (both intracellular and
extracellular), they can be expected to accumulate during chronic exposure and remain
in the lung and related tissues for considerable lengths of time. A recent study supports
this hypothesis: Syrian golden hamsters were exposed for 18 months (6 h/day, 5 days/
week) to comparable dusts of either standard glass fibre insulation or amosite asbestos.
After one day of exposure, the lung burdens of longer fibres (> 20 µm in length) were
similar for the two fibres (~0.2 million/lung), demonstrating comparable lung deposition
for the two types of fibre. However, after 12 months of exposure, the lung burdens of the
two types of fibre were different, i.e. 1 × 106 fibres (> 20 µm)/lung for glass wool, but
37 × 106 fibres (> 20 µm)/lung for amosite. Assuming little or no transport by macro-
phages of fibres > 20 µm in length, the almost 40-fold higher lung burden for amosite
suggests that the fibres of the insulation glass wool dissolved or otherwise broke down
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in lung fluid much more rapidly than those of amosite (Hesterberg et al., 1999;
McConnell et al., 1999).


The chronic inhalation effects in rats of X-607 (a rapidly dissolving MMVF that
does not fit into any of the traditional categories) were compared with those of RCF1.
Fischer 344 rats were exposed to a fibre aerosol by nose-only inhalation for 6 h per
day on five days per week for two years. The concentrations of the aerosols of X-607
and RCF1 were similar (~200 WHO fibres/cm3) and the fibres had similar average
dimensions (approximately 20 µm × 1 µm). The deposition of fibres in the lung after
6 h of inhalation was greater for X-607 than for RCF1. However, at all later times, the
numbers of fibres per lung (especially fibres > 20 µm) were lower for X-607 than for
RCF1, suggesting that X-607 was less biopersistent. Chemical analysis of fibres from
the lung revealed more rapid leaching of X-607 than of RCF1; after 78 weeks in the
lung, the calcium content of X-607 had decreased from an initial 40% (by mass) to
zero, leaving a fibre of essentially pure silica. The chemical composition of RCF1 did
not change. Fibres of X-607 also had a much higher in-vitro dissolution rate (kdis, 990
ng/cm2/h) than RCF1 (kdis, 6 ng/cm2/h; see below) (Hesterberg et al., 1998a).


Groups of Wistar rats were given a 50-mg dose of one of three MMVFs (glass wool,
rock (stone) wool, glass microfibres (JM 100) by intraperitoneal injection. The chemical
compositions of the fibres were analysed by inductively coupled plasma spectrometry
carried out on the urine of the rats, which was collected at fixed times between day 1
and day 204, and analysed for elements known to be present in the original fibres. At
day 204, a piece of omentum was removed at necropsy, ashed and analysed by energy
dispersive X-ray diffraction analysis (EDXA) to identify the elements remaining in the
fibres. Silicon and aluminium were found to be retained in the fibres from all samples
at day 204. Titanium, present at 0.3% (w/w) in the original sample of rock (stone) wool,
was not detectable by EDXA at day 204, but small quantitities were detected in urine
collected during the first two weeks of exposure. The barium content of the retained
glass microfibres (JM 100) had decreased by day 204 and barium was detectable in the
urine. The authors concluded that titanium and barium could be suitable biomarkers of
exposure to rock (stone) wool and glass microfibres and could also reflect the in-vivo
dissolution of these fibres (Wastiaux et al., 1994). [The Working Group noted the
preliminary nature of this study and the high dose used and also noted that not all rock
(stone) wool contains titanium and barium.]


Baier et al. (2000) used instillation of MMVF10, RCF1a and HT fibre in rats as an
in-vivo model to evaluate local biological responses to fibres of different composition.
Specimens taken at 2, 7, 30 and 90 days post-instillation were compared by means of
SEM and energy-dispersive X-ray spectroscopy (EDS). Fibres of MMVF10 dissolved
the most quickly both in extracellular fluids and after phagocytosis; HT fibres were
thinned by phagocytes and fragmented, and RCF1a resisted both external dissolution
and uptake by macrophages, becoming embedded in granulomatous nodules. In accor-
dance with these observations, the infrared spectra of sequentially-harvested slices of
lung lobe showed increasing intensities of absorption bands associated with granuloma
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formation only for RCF1a. These results indicated that the lung can process the fibres
in different ways dependent on their composition.


Two studies have reported on the retention of fibres injected directly into the peri-
toneal cavity of rats.


Collier et al. (1994) reported that long glass fibres (> 20 µm) instilled into the lung
of Fischer 344 rats underwent a reduction in diameter at a rate consistent with their
exposure to a near-neutral pH environment. The same type of fibres, when injected into
the peritoneal cavity, dissolved at a rate consistent with a more acidic environment. In
a second study, Collier et al. (1995) compared the retention of fibres injected into the
peritoneal cavity of Fischer 344 rats with the retention of the same fibres after intra-
tracheal instillation into the lung. Long fibres (> 20 µm) were retained to a greater
extent in the peritoneal cavity than in the lung. At doses in excess of 1.5 mg injected
into the peritoneal cavity, most of the injected material was found in nodules which
were either free in the peritoneal cavity or loosely bound to the peritoneal organs. The
fibres tested had a mean diameter of 2.0 µm. [The Working Group noted that if bio-
persistence assays are conducted in serosal cavities, doses that do not induce a bolus
effect should be chosen.]


4.2 Toxic effects in humans


4.2.1 Adverse health effects other than respiratory cancer


(a) Mortality data
Data covering all non-malignant respiratory diseases (NMRD) and the subgroup


bronchitis, emphysema and asthma (BEA) associated with exposure to MMVFs are
available from the death certificates of historical cohorts of MMVF production workers.
Descriptions of the cohorts are given in section 2. The mortality data on NMRD are
summarized in Table 66. 


In the most recent update of the European cohort study, Sali et al. (1999) reported a
non-significant excess of all NMRD among glass-wool workers (standardized mortality
ratio (SMR), 1.18; 95% CI, 0.98–1.40). For the subgroup BEA, i.e. NMRD excluding
influenza and pneumonia, the corresponding value was slightly lower (SMR, 1.12;
95% CI, 0.82–1.49). Interestingly, short-term MMVF workers (employed for < 1 year)
in the study by Sali et al. (1999) of the European cohort (Boffetta et al., 1998) had signi-
ficantly higher SMRs (SMR, 1.79 [95% CI, 1.8–2.44]) for BEA than long-term workers
(employed for ≥ 1 year) (SMR, 0.95 [95% CI, 0.67–1.32]. [The Working Group noted
that information on smoking history was not given in these studies.]


In the 1992 update of the US cohort of glass-fibre workers, the SMR for NMRD
(excluding influenza and pneumonia) (national rates) was reported to vary according to
the type of glass fibre produced, i.e. 0.80 for filament, 0.89 for wool and filament and
1.10 for mostly wool. These values were not significantly different from unity. The same
pattern was observed using local rates (Marsh et al., 2001a). In the 1989 update of the
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Table 66. Mortality data for non-malignant respiratory diseases (NMRD) in MMVF production workers and
end-users


Reference Study type Country No. of
subjects


Industry Relative risk (95% CI) Observed Comments


Glass (excluding continuous filament)


Chiazze
et al. (1992)


Nested
case–
control


USA 102 Production Odds ratio, 1.5 (0.5–4.1) Same odds ratio for fine fibres


Sali et al.
(1999)


Cohort Europe 5275 Production SMR, 1.18 (0.98–1.40) 127 SMR (BEA), 1.12 (95% CI,
0.82–1.49)


Marsh et al.
(2001a)


Cohort USA 10 961 Production SMR (all workers),
1.10 (0.91–1.32)
SMR (long-term
workers), 0.94 (0.72–
1.20)


115


  63


Production of mostly glass
wool; SMR for NMRD
excluding influenza and
pneumonia


Rock (stone) and slag wool


Sali et al.
(1999)


Cohort Europe 4616 Production SMR, 0.97 (0.76–1.23)   71 SMR (BEA), 0.96 (95% CI,
0.66–1.35)


Marsh et al.
(1996)


Cohort USA 3035
N-cohorta


Production SMR (LR), 1.07 NS   49 NMRD excluding influenza:
SMR (LR), 1.27 (NS)


Marsh et al.
(1996)


Cohort USA 443
O-cohorta


Production SMR (LR), 1.80
p < 0.01


  29 NMRD excluding influenza:
SMR (LR), 1.83 (p < 0.05)
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Reference Study type Country No. of
subjects


Industry Relative risk (95% CI) Observed Comments


Gustavsson
et al. (1992)


Cohort Sweden 2807 End-users
(manufacture of
prefabricated
wooden houses)


SMR, 0.95 (0.65–1.35) 32 (33.6
expected)


Mixture of mineral wool
insulation
SMR (BEA), 0.98 (95% CI,
0.49–1.76)


Continuous glass filament


Shannon
et al. (1990)


Cohort Canada 1465 Production SMR (men), 0.43
[0.05–1.54]b


SMR (women), 1.62
[0.04–9.29]b


2 men
1 woman


Based on a total of 96 deaths;
SMR (LR) (BEA), 0.917
(95% CI, 0.479–2.842)


Chiazze
et al. (1997)


Cohort USA 2933
white
men


Production SMR (LR), 1.03
(0.68–1.48)


28 (27.28
expected)


Based on 437 deaths


Sali et al.
(1999)


Cohort Europe 1482 Production 1.05 (0.48–2.00) 9 SMR (BEA), 0.70 (95% CI,
0.14–2.03)


Marsh et al.
(2001a)


Cohort USA 5431 Production SMR (all workers),
0.80 (0.61–1.03)
SMR (long-term
workers),
0.82 (0.59–1.12)


59


40


NMRD excluding influenza and
pneumonia


Watkins
et al. (1997)


Cohort USA 1074
white
women
494 black
men


Production SMR (LR) women,
0.82 (0.30–1.78)
SMR (LR) men,
0.21 (0.005–1.17)


6 women


1 man


SMR (LR) (BEA) women, 1.18
(95% CI, 0.38–2.74)
SMR (LR) (BEA) men, 0.38
(95% CI, 0.01–2.14)


BEA, bronchitis, emphysema, asthma; LR, local rate; NR, national rate; NS, not significant
a See section 2 for explanation of ‘N-cohort’ and ‘O-cohort’
b Calculated by the Working Group
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US cohort of rock (stone)/slag wool workers, the SMR (national rates) for NMRD
(excluding influenza and pnemonia) in the five-plant group was 1.31 (95% CI,
0.93–1.79). Using local rates, the SMR was 1.27 (95% CI, 0.90–1.74). In another plant
that had a documented history of asbestos use, the SMRs were statistically significant
[2.07; 95% CI, 1.26–3.20; and 1.83; 95% CI, 1.12–2.83; using national and local rates,
respectively] (Marsh et al., 1996). Although the US nested case–control study on cancer
of the respiratory system suggested that all of the excesses in respiratory cancers may be
explained by cigarette smoking, this has yet to be documented for NMRD excluding
influenza and pneumonia. Moreover, smoking habits seem to differ slightly between the
male workers in the glass fibre subgroup and in the rock (stone)/slag wool subgroup
(Marsh et al., 2001b): this should be kept in mind when considering the mortality ratios
for NMRD.


In a study of workers engaged in the manufacture of prefabricated wooden houses,
no excess of NMRD was observed (SMR, 0.95; 95% CI, 0.65–1.35). However, this
cohort had only a short follow-up period (Gustavsson et al., 1992).


(b) Morbidity data
(i) Pneumoconiosis


The data available on pneumoconiosis mainly come from radiological studies and
are limited to standard thoracic X-rays that have low sensitivity and low specificity.
No data are available from radiological examinations made by computerized tomo-
graphy scanning. Recent studies are summarized in Table 67.


Most of the studies found no significant excess of small opacities on chest
autoradiographs except the two studies of glass fibre production workers (Kilburn &
Warshaw, 1991) and end-users (Kilburn et al., 1992). However, as stated by the authors,
previous exposure to asbestos could have affected the observed results. Moreover,
severe methodological limitations were reported (Rossiter, 1993; Weill & Hughes,
1996). [The Working Group acknowledged and agreed with the published comments
concerning these limitations.]


Hughes et al. (1993) found no significant relation between small opacities observed
in the chest autoradiographs of workers at seven MMVF production plants and expo-
sure to MMVF as compared with controls. However, it should be noted that cumulative
exposure to fibres was extremely low as stated in the initial publication by Weill et al.
(1983) (less than 10 fibres–years/cm3 in the group exposed to the finest fibres, < 1 µm
in diameter; and less than 1 fibre–years/cm3 in the group exposed to fibres > 3 µm in
diameter). This study also demonstrated the notable variability of radiographic
assessment. Table 68 summarizes the results of two consecutive readings from the two
glass fibre plants where the highest level of exposure occurred (in the other three glass
fibre plants, the cumulative level of exposure was estimated at less than 1 fibre–years/
cm3 (Weill et al., 1983)).
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Table 67. Pneumoconiosis: radiographic data from MMVF production workers and end-users


Reference Country Industry X-ray reading
method


No. of
exposed
subjects


Percentage of
abnormalities
≥ 1/0 among
exposed subjects


No. of
controls


Percentage of
abnormalities
≥ 1/0 among
controls


Comments


Glass (excluding continuous filament)


Hughes et al.
(1993)


USA Production 5 ILO readers
(median)


1252 1.8 272 0.7 NS


Kilburn &
Warshaw
(1991)


USA Production 2 ILO readers
(consensus)


  175 12.6 – – Uninterpretable data (no control group;
137 subjects with previous exposure to
asbestos)


Kilburn et al.
(1992)


USA End-users
(insulation of
refrigerators)


2 ILO readers
(consensus)


  284 8.1 – – Uninterpretable data (no control group;
previous exposure to asbestos)


Rock (stone) and slag wool


Hughes et al.
(1993)


USA Production 5 ILO readers
(median)


  183 0   33 0


Yano & Karita
(1998)


Japan Production 1 ILO reader   440 0.5 544 0.2 No details for small opacities


Refractory ceramic fibre


Lemasters
et al. (1994 )


USA Production 3 ILO readers
(median)


  847 0 – – 21 pleural plaques


Rossiter et al.
(1994) 


Europe Production 3 ILO readers
(median)


  543 7 – – No relation with cumulative exposure to
refractory ceramic fibres


Trethowan
et al. (1995)


Europe Production [no details
given]


  592 13% ≥ 0/1
3.3% ≥ 1/1


–
–


– No relation with cumulative exposure to
refractory ceramic fibres
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Table 67 (contd)


Reference Country Industry X-ray reading
method


No. of
exposed
subjects


Percentage of
abnormalities
≥ 1/0 among
exposed subjects


No. of
controls


Percentage of
abnormalities
≥ 1/0 among
controls


Comments


Lockey et al.
(1996);
Lawson et al.
(2001)


USA Production 3 ILO readers
(median)


  652   0.5 – – 20 pleural plaques


Lockey et al.
(2002)


USA Production 3 ILO readers
(median)


  794   1.3 – – Non-significant excess risk with
exposure to refractory ceramic fibres;
significant relation with age and tobacco
smoking


Cowie et al.
(2001)


Europe Production 3 ILO readers
(median)


  774   8 – – Non-significant excess risk with
exposure to refractory ceramic fibres;
significant relation with age and tobacco
smoking; increase of opacities ≥ 1/0
(2%) on new reading of 1987 films


ILO, International Labour Organization; NS, not significant
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An Australian study reported morbidity data from 687 production workers in
seven plants manufacturing both glass and rock (stone) wool. Small opacities (classi-
fied as 1/0 and 1/1) were detected on the chest radiographs of seven workers (only one
ILO reader). However, no data on exposure were presented in the paper, and there was
no control group (Brown et al., 1996). Similar findings were reported in a Japanese
study of 493 male workers in nine rock (stone) wool production plants: the prevalence
of radiographic abnormalities among 440 of these workers did not differ significantly
from that in 544 control subjects or in a comparable population of 401 asbestos
workers (Yano & Karita, 1998).


No data have been published concerning chest radiographs of production workers
in the continuous glass filament industry.


Conflicting results were obtained on workers involved in the production of refrac-
tory ceramic fibres from the two most recent updates of the US and European cohorts.
In the US study (Lockey et al., 2002), the incidence of irregular opacities (classified
≥ 1/0) showed a non-significantly elevated odds ratio for exposure to refractory ceramic
fibres (workers with > 135 fibres–months/cm3 cumulative exposure) (odds ratio, 4.7;
95% CI, 0.95–23.7). The same was observed for workers with > 10 years in refractory
ceramic fibre production (odds ratio, 4.3; 95% CI, 0.9–28.3). As expected, small irre-
gular opacities were significantly related to exposure to tobacco smoke and age. Similar
results were observed in the European study (Cowie et al., 2001), which found an asso-
ciation between opacities (category ≥ 1/0) and exposure subdivided by calendar time
period: a positive association was observed only with exposure that occurred before
1971, although this finding was based on few data (only 51 exposed workers).


(ii) Pleural fibrosis and related findings
Until now the non-malignant pleural effects of MMVFs in humans have been


documented using only standardized thoracic radiography. As described for pneumo-
coniosis this technique has serious limitations: pleural plaques are correctly classified
mainly when calcified; diffuse pleural thickening is well-recognized mainly when asso-
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Table 68. Autoradiographic assessments of small opacities in the lungs of
workers in two glass fibre plants


Cumulative exposure No. of
subjects


Percentage ≥ 1/0
1st radiographic
assessment


Percentage ≥ 1/0
2nd radiographic
assessment


Plant 3 (glass fibre
diameter > 1 µm)


4.3 fibres–years/cm3 220 5.9 3.2


Plant 5 (glass fibre
diameter < 1 µm)


7.4 fibres–years/cm3 122 6.6 0


From Hughes et al. (1993); data on cumulative exposure from Weill et al. (1983)
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ciated with parenchymal bands. All other aspects are non-specific and can be related to
other anatomical features. Moreover, other etiological factors having a definite asso-
ciation with pleural fibrosis are frequently present: mainly co-exposure to asbestos, but
also the sequelae of infectious pleural diseases. Asbestos exposure is the most important
confounding factor, since there is a strong co-linearity with exposure to MMVFs. Recent
studies are summarized in Table 69.


The studies by Kilburn and Warshaw (1991) and Kilburn et al. (1992) reported the
occurrence of pleural abnormalities in 7.4% and 7.0% of radiographs, respectively. [The
Working Group noted that these studies are difficult to interpret for two main reasons:
i.e. the absence of a control group and considerable exposure to asbestos which was not
taken into account.]


In a study of rock (stone) wool production, Järvholm et al. (1995) reported a small,
statistically nonsignificant, excess of circumscribed pleural thickening (pleural plaques).
However, a nested case–control study failed to demonstrate a relationship with exposure
to fibres (odds ratio for workers with ≥ 15 years of exposure, 1.2 [95% CI, 0.3–4.2]).
[The Working Group noted that the members of this cohort were young; 57% of men
and 86% of women were aged less than 40 years.] The data from the Australian (Brown
et al., 1996) and Japanese (Yano & Karita, 1998) cohorts did not show any excess of
pleural disease. [The Working Group noted that no excess of pleural abnormalities was
observed in a comparison group of Japanese asbestos workers.]


A significant excess of pleural plaques was identified radiographically among a
European cohort of refractory ceramic fibre production workers. The results presented
in an initial report were inconclusive (Trethowan et al., 1995), since pleural anomalies
did not show a dose–response. In contrast, the two publications of results from the US
cohort (Lemasters et al., 1994; Lockey et al., 1996) demonstrated a significant relation
with time since beginning of exposure and with cumulated duration of exposure.
Moreover, the difference was still significant after adjustment for exposure to asbestos.
The most recent updates of the cohorts in Europe and the USA contributed further infor-
mation. The longitudinal data from the US cohort reinforced the initial results, showing
a significant association (after adjustment for exposure to asbestos and age) with
duration, latency and cumulative exposure (Lockey et al., 2002). For the highest classes
of exposure duration (> 20 years), latency (> 20 years) and cumulative exposure
(> 135 fibres/cm3–months), the odds ratios were: 3.7 (95% CI, 1.1–11.8), 6.1 (95% CI,
1.9–27.1) and 6.0 (95% CI, 1.4–33.1), respectively. In the European cohort, the findings
on pleural abnormalities were more difficult to interpret. Of a total of 774 subjects
included in the update, 158 had been exposed to asbestos while employed in the
refractory ceramic fibre industry and 351 (including 98 who were also exposed within
the refractory ceramic fibre industry) were potentially exposed to asbestos outside the
industry. The prevalences of pleural changes were lower among the 355 subjects not
exposed to asbestos (Cowie et al., 2001) than the cohort as a whole (9% and 11% for
pleural changes and 3% and 5% for pleural plaques, respectively). However, the 355
subjects not exposed to asbestos showed a significant association of pleural changes
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Table 69. Pleural fibrosis: radiographic data from MMVF production workers and end-users


Reference Country Industry X-ray reading
method


No. of
exposed
subjects


Percentage of
pleural
abnormalities
among exposed
subjects


No. of
controls


Percentage of
pleural
abnormalities
among controls


Comments


Glass (excluding continuous filament)


Kilburn &
Warshaw
(1991)


USA Production 2 ILO readers
(consensus)


175 7.4 – – Uninterpretable data (no control
group; 137 subjects with
previous exposure to asbestos)


Kilburn et al.
(1992)


USA End-users 2 ILO readers
(consensus)


284 7.0 – – Uninterpretable data (no control
group; previous exposure to
asbestos)


Rock (stone) and slag wool


Hughes et al.
(1993)


USA Production 5 ILO readers
(median)


183 0   33 0


Järvholm et al.
(1995)


Sweden Production 1 reader
(radiophoto-
graphy)


933 1.3% PP 865 0.3% PP No relation with exposure to
rock (stone) wool


Yano & Karita
(1998)


Japan Production 1 ILO reader 440 2.7 544 2.9 No details on pleural opacities


Refractory ceramic fibres


Lemasters et al.
(1994)


USA Production 3 ILO readers
(median)


686 3.1% PP
0.3 % DPT


– – Significant relation with
exposure to refractory ceramic
fibres (latency and duration)
even after adjustment for
exposure to asbestos


Rossiter et al.
(1994)


Europe Production 3 ILO readers
(median)


543 2.7% PP or DPT;
0.9% bilateral


– – No relation with exposure to
refractory ceramic fibres
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Table 69 (contd)


Reference Country Industry X-ray reading
method


No. of
exposed
subjects


Percentage of
pleural
abnormalities
among exposed
subjects


No. of
controls


Percentage of
pleural
abnormalities
among controls


Comments


Refractory ceramic fibres (contd)


Lockey et al.
(1996)


USA Production 3 ILO readers
(median)


438 4.1% PP or DPT 214 0.9% PP or DPT Significant relationship with
exposure to refractory ceramic
fibres (latency and duration)
even after adjustment for
exposure to asbestos


Lockey et al.
(2002)


USA Production 3 ILO readers
(median)


794 3.4% any pleural
abnormalities
and 81% plaques


– – Significant relationship with
duration, latency and cumulative
exposure adjusted for exposure
to asbestos and age


Cowie et al.
(2001)


Europe Production 3 ILO readers
(median)


774 11% any pleural
abnormalities
and 5% plaques


– – Increased risk with time since
first exposure to refractory
ceramic fibres among 355
workers not exposed to asbestos


DPT, diffuse pleural thickening; ILO, International Labour Organization; PP, pleural plaque
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with time since first exposure to refractory ceramic fibres, after adjustment for age,
smoking habits and body mass index. When no adjustment was made for age, a highly
significant association existed between time since first exposure to refractory ceramic
fibres and both pleural changes and pleural plaques. [The Working Group considered it
desirable to extend the survey of both cohorts with a tomodensitometric examination of
the thorax for at least those subjects who showed pleural changes, since it is considered
as a sensitive method to detect such abnormalities.]


(iii) Symptoms and changes in lung function
Data from morbidity studies have been collected using questionnaires and lung


function tests. The results on symptoms are summarized in Table 70 and for lung
function tests in Table 71.


Four studies have been published that concern mainly glass wool: two in the pro-
duction industry and two among end-users. In the French study of 524 production
workers, a significant increase in symptoms in the upper respiratory tract and of
dyspnoea was noted. However, a nested case–control study did not confirm the
occurrence of any impairment of lung function (Moulin et al., 1987). The results of the
USA production study were more complicated to interpret: asbestos was a major con-
founding factor since 137 out of 175 workers had been previously exposed to asbestos
(Kilburn & Warshaw, 1991). Two studies of end-users, one of workers installing
insulation in refrigerators (Kilburn et al., 1992) and the other of sheet-metal workers
(Hunting & Welch, 1993) reported high rates of chronic bronchitis (10.9% and 15%,
respectively). The interpretation of the results was hampered by the absence of a control
group and the potential for co-exposure to air contaminants including asbestos. More-
over, the results from lung function tests did not suggest any dose–response relationship
with fibre exposure.


Two studies of end-users of rock (stone) and slag wool or a mixture of mineral wools
have been reported. Although an excess of symptoms in the upper respiratory tract and
cough were reported from the first study in Denmark (Petersen & Sabroe, 1991) and a
significant decrease of lung function (measured as ‘forced expiratory volume’) in the
second Danish study (Clausen et al., 1993), other potential sources of occupational
exposure were not taken into acount. Four studies of production workers have been
conducted. In the study from France (Moulin et al., 1988), a high prevalence of
symptoms (cough, sputum, symptoms in the upper respiratory tract) was reported to be
associated with exposure to fibres: however, this result was observed in only one of the
five plants investigated (a glass-wool plant where 51% of the study population worked),
and where workers were also exposed to resin. A Danish study comparing 235 rock
(stone) wool production workers with a random sample of 243 subjects from the general
population (Hansen et al., 1999) demonstrated a significant incidence of airflow
obstruction related to fibre exposure (14.5% in MMVF workers, 5.3% in controls), but
this effect was limited to heavy smokers: the self-administered questionnaire on disease
confirmed an excess of emphysema (9 cases, as against 2 in the control group) with a
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Table 70. Chronic obstructive pulmonary diseases and other related findings in MMVF workers: results from questionnaires


Country No. of
subjects


Industry Symptoms CommentReference


Upper
airways


Cough Sputum Chronic
bronchitis


Dyspnoea Whee-
zing


Asthma Relation
with
exposure


Glass fibre (excluding continuous filament)
Moulin
et al.
(1987)


France   524 Production p < 0.05 p < 0.05 ? Inconsistency between
plants; co-exposure to
phenolic resins


Kilburn &
Warshaw
(1991)


USA   175 Production 1.1%a,
19.4%b


? Data uninterpretable (no
control group; 137 subjects
with previous exposure to
asbestos)


Kilburn
et al.
(1992)


USA   284 End-users
(insulation for
refrigerators)


5.6%a,
19.4%b


10.9% 6% ? Data uninterpretable (no
control group; previous
exposure to asbestos)


Hunting &
Welch
(1993)


USA   333 End-users
(sheet-metal
workers)


15% + Other sources of exposure?


Glass and/or rock (stone) or slag wool
Petersen &
Sabroe
(1991)


Denmark 2654 End-users
(construction
workers): glass
wools


p < 0.05 p < 0.05 + Other sources of exposure?


Moulin
et al.
(1988)


France 1839c Production:
glass wools


1.9–9.6% 6.9%–
21.9%


4.3–9.2% 4.1–12% 0.9–
1.4%


+ Co-exposure with phenolic
resins


Hughes
et al.
(1993)


USA 1030 Production:
fibrous glass
and rock
(stone) wools


13% (ns)   6% (ns) 5% (ns) 5% (ns) –
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Table 70 (contd)


Country No. of
subjects


Industry Symptoms CommentReference


Upper
airways


Cough Sputum Chronic
bronchitis


Dyspnoea Whee-
zing


Asthma Relation
with
exposure


Glass and/or rock (stone) or slag wool (contd)
Brown
et al.
(1996)


Australia   533 Production 10.7% 12% 20.4% 7.3% ? No data on exposure


Yano &
Karita
(1998)


Japan   493 Production:
rock (stone)
wool


1.4% 4.1% 0 – No difference compared
with a control group of
urban residents


Hansen
et al.
(1999)


Denmark   377 Production:
rock (stone)
wool


26% (ns) 24% (ns) 3.8%
(emphy-
sema)


20% (ns) + Emphysema: 0.9% in a
comparable control group


Refractory ceramic fibres
Trethowan
et al.
(1995)


Europe   628 Production 55% 13% 12% 18% + Relation with dyspnoea
significant


Cowie
et al.
(2001)


Europe   774 Production 24% (men)
20%
(women)


3.3%
(men)
2.4%
(women)


3.2% (men)
8.5%
(women)


? Limited evidence of
association with recent
exposure to respirable
fibres


ns, not significantly different from comparable control group
a Nose bleed and throat irritation
b Throat irritation
c Population of three plants with 1041, 535 and 263 participating workers; the percentages give the range of values.
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Table 71. Chronic obstructive pulmonary diseases and other related findings from tests of lung function in MMVF workers


Lung function (percentage of expected values)Reference Type of
study


Country No. of
subjects


Industry


TPC FVC FEV1 FEF25–75


Relationship
with
exposure


Comments


Glass fibre (excluding continuous filament)


Kilburn &
Warshaw
(1991)


T USA   175 Production 114.2 94.8 91.3 80.7 ? Uninterpretable data (no
control group; 137 subjects
with previous exposure to
asbestos)


Kilburn
et al.
(1992)


T USA   214a End-users
(insulation for
refrigerators)


107.7 92.9 90.8 85.8 ? Uninterpretable data (no
control group; previous
exposure to asbestos)


Glass and rock (stone) and slag wool


Hughes
et al.
(1993)


T USA 1030 Production 103 (ns) 101.1 (ns) 78 (ns) –


Clausen
et al.
(1993)


L Denmark   340 End-users
(insulators)


ns decreased
(p < 0.001)


+ Other co-occurring exposure


Brown
et al.
(1996)


T Australia   687 Production ns 93 (ns) 95 (ns) – No data on exposure


Rock (stone) wool


Hansen
et al.
(1999)


T Denmark   235 96 (ns) 92 (ns) + Elevated risk only in heavy
smokers


TPC FVC FEV1 FEF25–75
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Table 71 (contd)


Lung function (percentage of expected values)Reference Type of
study


Country No. of
subjects


Industry


TPC FVC FEV1 FEF25–75


Relationship
with
exposure


Comments


Refractory ceramic fibres


Burge et al.
(1995);
Trethowan
et al.
(1995)


T Europe 628 Production 110.6 104.6 84.1 + Significant relation (FEV1)
with exposure seen only
among smokers


Lemasters
et al.
(1998)


L USA 736 Production p < 0.01 for
male smokers;
p < 0.05 for
female non-
smokers


p < 0.01
(male
smokers)


+ Sex-specific respiratory effect


Lockey
et al.
(1998)


L USA 361 Production reduced
(p < 0.05)


reduced
(p < 0.05)


– Longitudinal follow-up, with
selection bias due to lower
level of recent exposure


Cowie et al.
(2001)


L Europe 774 Production reduced
(p < 0.05)


reduced
(p < 0.05)


+ Significant effects limited to
male current smokers


T, transversal; L, longitudinal; ns, not significant; TPC, total pulmonary capacity; FVC, forced vital capacity: FEV1, forced expiratory volume in 1 s; FEF25–75, forced
expiratory flow (mid-flow)
a Workers without pulmonary opacities
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relative risk of 4.5 (95% CI, 1.0– 20.6). The absence of any alteration in single-breath
carbon monoxide-diffusion capacity in this population was interpreted by the authors as
absence of lung fibrosis. [The Working Group noted that chest radiographs were not
available in this study. In the studies from America (Hughes et al., 1993), Japan (Yano
& Karita, 1998) and Australia (Brown et al., 1996), the results (assessed by ques-
tionnaire and/or tests of lung function) showed no association with exposure.] 


In contrast, the studies of the American and European cohorts of refractory ceramic
fibre workers did report statistically significant numbers of abnormalities related to
exposure to fibres. In the American cohort (Lemasters et al., 1998), the relative risk of
having at least one respiratory symptom was 2.9 (95% CI, 1.4–6.2) for men and 2.4
(95% CI, 1.1–5.3) for women. In male workers, a significant loss of forced vital
capacity (FVC) of the lung noted in workers exposed to refractory ceramic fibres was
limited to current and ex-smokers. The decline in FEV1 (forced expiratory volume in
1 s) was significant only in current smokers. A significant loss of FVC was observed
among female non-smokers. The initial findings of the European study (Burge et al.,
1995; Trethowan et al., 1995) also demonstrated obstruction of the airways related to
cumulative exposure to refractory ceramic fibres that was limited to current and ex-
smokers. In the most recent update of this cohort (Cowie et al., 2001), a significant
negative association between estimated cumulative exposure to refractory ceramic
fibres and lung function (FVC and FEV1) was found. [The Working Group noted that
the results of this study should be reassessed since there was no indication of pulmo-
nary interstitial disease (no alteration in single-breath carbon monoxide-diffusion
capacity and an absence of small parenchymal opacities on chest radiographs), and
total lung capacity was not monitored in this study.]


(c) Other respiratory findings
Isolated case reports on lung proteinosis (1 case) and lung fibrosis (2 cases) have


been published (Takahashi et al., 1996; Riboldi et al., 1999; Yamaya et al., 2000). [The
Working Group noted the lack of an association with occupational exposure to fibres
in these studies.]


In a series of 50 consecutive cases of sarcoidosis, twelve patients were described
whose exposure to MMVFs had been assessed either by job history or by mineralogical
lung analysis (Drent et al., 2000a,b). [The Working group noted that the information on
exposure history and the mineralogical data from analysis of lung samples were
incomplete.]


Only one study was intended to test an initial event of pulmonary fibrosis through
determination of serum type III procollagen aminoterminal propeptide. In this series
the concentration of this propeptide in 56 male workers exposed to rock (stone) wool
during production (0.05–0.75 fibres/cm3 for up to 20 years) did not differ from that of
a group of 20 controls (Cavalleri et al., 1992).
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4.2.2 Other toxic effects


(a) Mortality data
Data on other non-malignant, non-respiratory causes of death after exposure to


MMVFs are available from the US and European cohorts. In the 1985 follow-up of the
US cohort, Marsh et al. (1990) noted a slight increase in the incidences of nephritis and
nephrosis for the whole cohort (SMR (national rate), 1.46 (p < 0.01)). The US rock
(stone) and slag wool cohort had an elevated risk for nephritis and nephrosis (N-cohort
SMR (local rate), 2.02; p < 0.05; O-cohort SMR (local rate), 2.58; not significant; see
section 2) and no risk for cirrhosis of the liver (N-cohort SMR (local rate), 0.90; O-
cohort SMR (local rate), 0.91) (Marsh et al., 1996). A case–control study of workers at
one plant from the US cohort reported no association between exposure to glass fibre
and nephritis, nephrosis or cirrhosis of the liver (Chiazze et al., 1999). The corres-
ponding SMRs for the total US cohort of glass fibre workers (Marsh et al., 2001a) were
1.04 (local rate) [95% CI, 0.81–1.32] and 0.88 (local rate) [95% CI, 0.75–1.04],
respectively. In the European cohort, an excess of cirrhosis was observed only among
the continuous filament production workers (SMR (national rate), 2.12 [95% CI,
1.10–3.71] for 12 observed cases) (Sali et al., 1999).


(b) Morbidity data
Most of the literature concerning the irritating effects of MMVFs on the skin and


mucosa was published before the last IARC evaluation (IARC, 1988). More recent
publications have reported on observations in contaminated buildings (Lockey & Ross,
1994; Thriene et al., 1996; Bergamaschi et al., 1997): the role of fibres with diameter
> 4 µm and direct contact with deposited fibres was emphasized.


Recent epidemiological studies are scarce. In a plant manufacturing and processing
mineral wool for insulation, 25% of 259 workers presented with a skin disease, resulting
from an allergy related to MMVF additives (Kiec-Swierczynska & Szymczk, 1995).
Dermal irritation is a common symptom of the sick-building syndrome. Forty-six of 103
white collar workers in a building in which the atmosphere was contaminated by mineral
fibres from ceiling panels had symptoms of dermal irritation (Thriene et al., 1996).
Similarly, it was reported that 32% of 66 subjects investigated for sick-building
syndrome demonstrated positive patch tests with mineral fibres (Thestrup-Pedersen
et al., 1990). Among 2654 Danish construction workers, a statistically significant
increase in the frequency of symptoms of irritation of the skin, eyes and respiratory tract
were reported (Petersen & Sabroe, 1991). 


4.3 Toxic effects in experimental systems


This section covers selected toxic effects of fibres in experimental systems that are
believed to be potentially important in relation to the carcinogenic process. These end-
points include in-vivo effects such as inflammation and fibrosis, as well as selected in-
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vitro assessments including cytotoxicity, oxidant production and alterations to the cell
cycle including proliferation and apoptosis. Genetic toxicology end-points are reviewed
in section 4.5.


It is important to appreciate the degree to which biopersistence plays a role in the
different studies and end-points under review, as this property of fibres is thought to be
critical in determining chronic toxicity and carcinogenic outcome in humans and in
experimental animal systems. In-vitro assays are invariably short-term (i.e. from hours
to days), and the effect of fibre durability is unlikely to be detected in such assays. [The
Working Group noted that endotoxin is a potent environmental contaminant and its
presence in fibre samples could enhance their ability to cause acute inflammation. The
presence of endotoxin or the steps taken to inactivate it, were not always reported.]
Therefore, short-term tests could give a misleading impression of possible long-term
biological effects. This will most likely become manifest as a false-positive result in an
in-vitro assay for long, non-biopersistent fibres. For a non-biopersistent fibre, the
effects seen in vitro may apply only to the time interval in vivo before the fibre begins
to undergo dissolution or breakage. In contrast, a durable fibre may show the effects
much more slowly and is more likely to give rise to pathological change.


4.3.1 Continuous glass filament and glass wool


Pathological change related to inflammation and fibrosis in rat lungs exposed to
fibres is commonly quantified by the Wagner scale (see Table 72). The original Wagner
scale was modified by McConnell et al. (1984). Wagner scores have been given here as
the score preceded by the abbreviation Wag, e.g. Wag 4. Pathological effects might be
expected to occur in rats with scores of Wag 3 and higher, while the presence of fibrotic
lesions is identified by scores of Wag 4 and higher.
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Table 72. Wagner pathology grading scalea


Cellular change
Normal
Minimal
Mild


1
2
3


  No lesion
  Macrophage response
  Bronchiolization, inflammation


Fibrosis
Minimal
Mild
Moderate
Severe


4
5
6
7
8


  Minimal
  Linking of fibrosis
  Consolidation
  Marked fibrosis and consolidation
  Complete obstruction of most airways


From Hesterberg et al. (1993)
a According to guidelines given by McConnell et al. (1984)
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(a) Inflammation and fibrosis
Hesterberg et al. (1996b) exposed Fischer 344 rats for 6 h per day, on five days per


week, for 13 weeks to MMVF10 at the following airborne mass concentrations
(exposure by inhalation is generally expressed as the airborne mass concentration
followed by the fibre concentrations in parentheses): 3.2 mg/m3 (36 WHO fibres/cm3, 14
fibres > 20 µm long/cm3), 16.5 mg/m3 (206 WHO fibres/cm3, 81 fibres > 20 µm long/
cm3), 30.5 mg/m3 (316 WHO fibres/cm3, 135 fibres > 20 µm long/cm3), 44.5 mg/m3


(552 WHO fibres/cm3, 223 fibres > 20 µm long/cm3) and 62.2 mg/m3 (714 WHO
fibres/cm3, 343 fibres > 20 µm long/cm3). Inflammation, measured as increased amounts
of polymorphonuclear neutrophils and protein in bronchoalveolar lavage, was produced
by exposure to MMVF10 at concentrations of 16 mg/m3 and above. An influx of
alveolar macrophages in the bronchioles and alveoli was seen at the end of the study in
all dose groups. 


Fischer 344 rats treated with RCF1 and positive controls treated with chrysotile
asbestos were compared with rats treated for 6 h per day, on five days per week for
24 months, with glass fibre types MMVF10 and MMVF11 at the following airborne
mass concentrations: MMVF10, 3.1 mg/m3 (29 WHO fibres/cm3), 17.1 mg/m3


(145 WHO fibres/cm3) and 27.8 mg/m3 (232 WHO fibres/cm3); MMVF11, 4.8 mg/m3


(41 WHO fibres/cm3), 15.8 mg/m3 (153 WHO fibres/cm3) and 28.3 mg/m3 (246 WHO
fibres/cm3). Positive control rats were exposed to chrysotile at 10.1 mg/m3 (10 600
WHO fibres/cm3) and rats treated with RCF1 received 29.1 mg/m3 (187 WHO fibres/
cm3). Animals exposed to chrysotile had scores of Wag 4 after three months of exposure;
the scores remained at the same level for up to 24 months of continued exposure; there
was no decrease over up to 18 months of post-treatment recovery. Rats exposed to RCF1
(30 mg/m3) did not reach a score of Wag 4 until six months after the start of treatment;
the scores remained at Wag 4 for the following 18 months of exposure and during the
period of post-exposure recovery. There were clear time- and exposure-dependent
responses in the pathological scores for MMVF10 and MMVF11, which peaked at
Wag 3 later in rats exposed to 16 mg/m3 and earlier after exposure to 30 mg/m3. There
was clear evidence of a decrease in the Wag score during recovery after short-term
exposure, but not when the duration of exposure (to MMVF10) had been ≥ 18 months
(Hesterberg et al., 1993). 


Hesterberg et al. (1998a) exposed Fischer 344 rats by inhalation for 6 h per day on
five days per week for up to two years to one of the following: the relatively-soluble
glass fibre X-607 at 30 mg/m3 (174 WHO fibres/cm3, 47 fibres > 20 µm long/cm3);
RCF1 at 29 mg/m3 (187 WHO fibres/cm3, 101 fibres > 20 µm long/cm3); and chrysotile
at 10 mg/m3 (10 600 WHO fibres/cm3; 0 fibre > 20 µm long/cm3). The Wagner scores
were as follows: controls exposed to clean air, Wag 1; treatment with X-607, average
Wag 2.5; treatment with RCF1 and chrysotile, average Wag 4.0. In animals allowed to
recover after cessation of exposure, the Wag score decreased in the rats exposed to
X-607, but not in the animals exposed to RCF1. Pathological indices demonstrated the
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absence of bronchoalveolar or pleural collagen after treatment with X-607, but varying
scores of up to Wag 2.7 after exposure to RCF1 and chrysotile. These scores generally
decreased during periods of post-exposure recovery. The data suggest that soluble fibres
are less pathogenic than more persistent fibres and that their pathogenic effects are
reversible to some extent.


In the study by Everitt et al. (1994), Fischer 344 rats were exposed by intrapleural
injection to RCF1 at 0.56 × 106 WHO fibres/cm3 or to MMVF10 at 10.5 × 106


WHO fibres/cm3. The preparation of RCF1 contained 1.75 × 106 particles (fibres with
length/diameter < 3)/cm3, the MMVF10 sample contained 1.17 × 106 particles/cm3. At
28 days post-exposure there was little difference between the two groups in mediastinal
weight or pleural thickness. [This should be viewed against the much greater exposure
to MMVF10 on a per fibre basis.]


Drew et al. (1987) examined the effects in Fischer 344 rats of 10 repeated intra-
tracheal instillations (1 h/week for 10 weeks; 0.5 mg per treatment) of specially made
and sized glass fibres obtained from the Thermal Insulation Manufacturers’
Association (TIMA). The average fibre dimensions were 1.5 × 5 µm or 1.5 × 60 µm.
Another group of rats was treated with unsized UICC (Union internationale contre le
Cancer [International Union Against Cancer]) crocidolite. The lesions seen after the
10 weekly instillations of glass fibres were described as aggregations of macrophages
and foreign-body granulomas; no striking differences were observed between the
results of the treatment with long and short glass fibres. Rats given five weekly
instillations of crocidolite asbestos showed not only macrophage responses, but also
accumulation of haemosiderin within the macrophages and thickening and fibrosis of
the alveolar wall. [The Working Group noted that these pathological changes are
consistent with a bolus effect due to instillation of a large quantity of foreign material.]


Cullen et al. (2000) studied the pathogenicity of E-glass fibres (code 104/E) and
microfibres (code 100/475), with amosite asbestos as a control. Wistar rats were exposed
by inhalation for 7 h per day on five days per week for one year to E-glass (1022 WHO
fibres/cm3, 72 fibres > 20 µm long/cm3), microfibres (code 100/475) (1119 WHO
fibres/cm3, 38 fibres > 20 µm long/cm3) and amosite (981 WHO fibres/cm3, 89 fibres
> 20 µm long/cm3). One year after the end of exposure, the mean level of advanced
fibrosis (percentage of lung area affected, rather than Wagner score) was determined.
The results were as follows: controls, 0.08; treatment with E-glass, 8.0; treatment with
microfibres, 0.2; and exposure to amosite, 7.6. The authors attributed their findings to
the higher number of long fibres of E-glass and their greater biopersistence compared
with that of other fibre types. 


Syrian golden hamsters received MMVF10a by nose-only inhalation for 6 h per
day, on five days per week for 13, 26 and 52 weeks at an airborne mass concentration
of 30 mg/m3 (323 WHO fibres/cm3, 151 fibres > 20 µm long/cm3), while MMVF33
(475 glass wool), a special-purpose fibre that is more durable than MMVF10a, was
delivered at a concentration of 37 mg/m3 (283 WHO fibres/cm3, 106 fibres > 20 µm
long/cm3). Other groups of animals were exposed to amosite at three concentrations:
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0.8 mg/m3 (33 WHO fibres/cm3, 9 fibres > 20 µm long/cm3), 3.7 mg/m3 (157 WHO
fibres/cm3, 37 fibres > 20 µm long/cm3) and 7.3 mg/m3 (255 WHO fibres/cm3, 67 fibres
> 20 µm long/cm3). The Wagner pathology scores showed time-dependent increases for
all types of exposure tested. At 52 weeks of exposure, the scores were as follows:
controls, Wag 0; treatment with MMVF10a, Wag 2.3; treatment with MMVF33, Wag,
4.0; and treatment with amosite (at 0.8 mg/m3), Wag 4.0. Exposure to the two higher
concentrations of amosite produced the following Wag scores: amosite at 3.7 mg/m3,
Wag 5.3; amosite at 7.3 mg/m3, Wag 6.0. The authors concluded that there was a clear
effect of increased durability causing a greater pathological response, and that the
pathological effects could be related to the numbers of long fibres (> 20 µm) persisting
in the lungs (Hesterberg et al., 1997).


Hesterberg et al. (1999) exposed Syrian golden hamsters by inhalation to
MMVF10.1 (a thinner fibre than MMVF10) and MMVF10a (a batch of MMVF10 that
had a slightly lower fluorine content and was slightly thinner than MMVF10) for 6 h per
day, on five days per week for 13 weeks with or without a period of 10 weeks of post-
exposure recovery. The airborne mass concentrations of MMVF10.1 used ranged from
3.2–62.2 mg/m3 (62.2 mg/m3 contained 714 WHO fibres/cm3; 343 fibres > 20 µm long/
cm3). The pathology score never exceeded Wag 2 for any exposure group and decreased
to Wag 1 after recovery following the lower levels of exposure. Bronchoalveolar lavage
analysis revealed that only exposure to airborne concentrations ≥ 16.5 mg/m3 (206 WHO
fibres/cm3, 81 fibres > 20 µm long/cm3) caused inflammation, as judged by a significant
increase in the number of neutrophils.


In a chronic study by McConnell et al. (1999), Syrian golden hamsters were exposed
for 6 h per day, on five days per week for 78 weeks to MMVF10a at 29.6 mg/m3 (339
WHO fibres/cm3, 134 fibres > 20 µm long/cm3), MMVF33, a more durable special-
purpose glass, at 37.0 mg/m3 (310 WHO fibres/cm3, 109 fibres > 20 µm long/cm3) or
amosite at three concentrations (highest dose, 7.1 mg/m3, 263 WHO fibres/cm3, 69 fibres
> 20 µm/cm3). Both visceral and parietal fibrosis were described. Visceral pleural
fibrosis (expressed as the fibrosis index, i.e. the area of polarizable pleural collagen per
length of pleural basement membrane, mm2/mm) was estimated at 78 weeks in the
periphery of the entire lobes and averaged 3.1 in the controls, 3.83 in hamsters exposed
to MMVF10a, 3.97 in hamsters exposed to MMVF33 (these values are not significantly
different from those of the controls) and 8.86 (p < 0.05) in hamsters exposed to the high
dose of amosite. After six weeks of recovery, these figures showed a decrease in animals
exposed to MMVF10a, but a further increase in the animals exposed to MMVF33 and
to the high dose of amosite. 


Rutten et al. (1994) injected Fischer 344 rats and Syrian golden hamsters intra-
pleurally (injection volumes, 1.4 mL and 1.0 mL, respectively) with RCF1 (6–312 µg)
or MMVF10 (43–2000 µg); MMVF10 contained about three times more WHO fibres
than RCF1. The objective was to have the same number of long fibres in both groups.
There was little difference between the effects of these two treatments in rats, but
hamsters had more thickening of the visceral pleura (fibrosis) after treatment with
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MMVF10; in contrast, more proliferation of mesothelial cells was observed in both
the visceral and parietal pleura in hamsters treated with RCF1. 


Donaldson et al. (1995a) exposed rats by inhalation for 7 h to 1000 WHO fibres/cm3


long-fibre amosite asbestos or to the more soluble code 100/475 glass fibres which had
comparable length distributions, and assessed cell proliferation by means of
incorporation of bromodeoxyuridine 24 h later. Increased cell proliferation was seen
throughout the lung after exposure to amosite, but not after exposure to code 100/475
glass fibres. This result after short-term exposure suggests that effects other than
solubility, which was unlikely to be a factor, can determine the short-term proliferative
response to inhaled fibres; a difference in surface reactivity between the fibres used is a
possible explanation.


Donaldson et al. (1993) used a number of fibre types from the repository of the
TIMA to assess the ability of the fibres to cause short-term inflammation in the
peritoneal cavity of the C57BL6 mouse, when equal numbers of each type of fibre
were used. Inflammation was not related to the mass instilled, which varied greatly
depending on the type of fibre tested. A similar degree of inflammation was caused
by MMVF10, MMVF11, MMVF21 and MMVF22; UICC crocidolite was most
inflammogenic, probably reflecting its greater content of long fibres. These data high-
light the limited usefulness of short-term assays in discriminating between fibres of
variable biopersistence. 


(b) Cell toxicity
The results of many studies on short-term cytotoxic effects have been published.


The reports evaluated in this section have been chosen according to their ability to
meet the following criteria: 


• The dose was expressed as number of fibres given, in the way that exposure
to fibres is regulated, and allowing potency to be compared.


• Fibre length was specified so that false-negative results from preparations of
short fibres could be excluded.


• Adequate documentation of the fibre source was supplied to allow cross-
reference to longer-term studies and to define composition.


• Studies involving instillation of fibres directly into the lungs were screened to
exclude those in which an excessive dose might confound the results (overload
effects).


• Where possible, control fibres were included or different categories of fibre
length were used.


Hart et al. (1994) used Chinese hamster ovary cells, which are not direct target
cells, to assess the cytostatic effects of glass fibre MvL 901 (Schuller International,
Denver, CO) of various lengths and thicknesses at equal fibre number. Cell proli-
feration was inhibited to approximately 25% of control values by longer fibres
(average length, 25 µm), whereas short fibres (average length, 3.5 µm) did not inhibit
cell proliferation. Fibre thickness (tested with MvL 475) had a modest effect, with
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thinner fibres (0.3 µm) being more effective inhibitors of cell proliferation than thicker
fibres (7 µm) at equal fibre number. This study showed that long fibres are toxic per
se, in addition to their ability to accumulate because of their slower clearance from the
lung. [The Working Group noted that, on a number basis, longer fibres also have a
larger surface area than shorter fibres.]


Code 100 glass fibres were separated by dielectrophoresis into five mean length
categories: 33, 17, 7, 4 and 3 µm. In general, the longer fibres were thicker; the
average diameter was 0.75 µm for fibres in the longest category versus 0.35 µm in the
shortest category. Four doses of fibres with equal fibre numbers for each length
category were tested for their ability to inhibit lucigenin chemiluminescence and to
cause release of lactate dehydrogenase from rat alveolar macrophages. The fibres
showed length-related toxicity; the 17-µm- and 33-µm-long fibres had a similar high
potency, and fibres ≤ 7 µm long had a significantly lower potency (Blake et al., 1998).
The authors noted that their study pointed to a direct cellular basis for the increased
toxicity of long fibres, namely frustrated phagocytosis, leading to leakage of oxidants
and enzymes from a macrophage that is trying to engulf a fibre.


(c) Cell activation
Brown et al. (1998a) tested a series of fibres that included MMVF10 and code


100/475 for their ability to activate release of superoxide anions by rat alveolar macro-
phages at equal WHO fibre number. Uncoated (naked) fibres of both types inhibited
superoxide release, but after coating with IgG the MMVF10 fibres, but not the code
100/475 fibres, showed stimulation. Amosite and RCF1 showed a similar pattern of
response. Thus, there was no discrimination in this assay between fibres defined as
either pathogenic or non-pathogenic by some studies of chronic toxicity and onco-
genicity in animals (see secton 3).


Two subsets of the size-separated code 100 glass fibres used by Blake et al. (1998)
with average lengths of 17 and 7 µm, respectively, were tested in cultured RAW 264.7
mouse macrophage cells. The production of tumour necrosis factor α and the acti-
vation of the transcription factor were more strongly induced by 17-µm-long fibres
than by 7-µm-long fibres on a per fibre basis (Ye et al., 1999).


(d ) Other effects
Brown et al. (2000b) examined the ability of equal numbers of WHO fibres


(MMVF10, MMVF11 and JM code 100/475) to deplete antioxidants from solution in
comparison with refractory ceramic fibres and amosite. The ability to deplete anti-
oxidants did not correlate with the pathogenic or non-pathogenic properties of fibres
(as defined by some studies of their chronic toxicity and oncogenicity in animals). The
MMVF10 and code 100/475 fibres were more active in depleting glutathione and
vitamin C than amosite asbestos. 
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Jensen and Watson (1999) used the SV-40-immortalized human mesothelial cell
line MeT-5A and the rhesus monkey kidney epithelial cell line LLC-MK2 to test the
ability of MMVF10a, crocidolite, chrysotile and RCF1 (0.3 or 1.0 mg/mL) to impair
separation of cells at the end of mitosis (cytokinesis). By use of high-resolution time-
lapse microscopy, all fibres longer than about 15 µm, regardless of composition, were
seen to be trapped in the cleavage furrow of the dividing cells. This caused failure of
cytokinesis resulting in the formation of multinucleate cells. 


Gilmour et al. (1995) tested the ability of MMVF10 and MMVF11 at equal
numbers of WHO fibres to cause oxidative cleavage of bacterial plasmid supercoiled
ϕX174RF1 DNA. The MMVF10 and MMVF11 fibres showed little or no activity
when compared with amosite and crocidolite asbestos, and this was not related to the
ability of the fibres to release bioavailable iron.


Fisher et al. (1998) measured the release of bioavailable (soluble) iron from various
types of man-made fibres (MMVF10, code 100/475, RCF1 and silicon carbide) and
from long-fibre amosite asbestos. When equal numbers of WHO fibres were tested,
more iron was released by MMVF10 than by code 100/475, which released about the
same amount of iron as amosite; generally, more iron was released under acid condi-
tions (pH 4.5) than under neutral conditions (pH 7.2) and there was more release into
surfactant than into saline. The authors concluded that simple quantification of the
release of soluble (bioavailable) iron from fibres under these in-vitro conditions cannot
discriminate between pathogenic and non-pathogenic fibres.


Zoller and Zeller (2000) tested a sample of a respirable glass wool fibre (code A)
and a sample of rock (stone) wool (code G) to examine whether fibres lost their biolo-
gical activity when incubated in unbuffered saline. Both untreated fibres and fibres
that had been incubated for four weeks in saline solution were tested for their ability
to affect the production of reactive oxygen species by cultured human HL-60 cells, as
assessed by luminol-enhanced chemiluminescence. Incubation in saline solution
reduced the ability of these glass wool and rock (stone) wool fibres to cause chemi-
luminescence mediated by reactive oxygen species, suggesting that leaching or
shortening in vivo might also occur, decreasing the long-term reactivity of the fibre.
These effects were not seen with the rock (stone) wool fibres MMVF21 and HT-N.


4.3.2 Rock (stone) and slag wool


(a) Inflammation and fibrosis 
Creutzenberg et al. (1997) exposed Wistar rats by inhalation for one or three weeks


to MMVF21 at 38.7 mg/m3 (695 WHO fibres/cm3) or 43.8 mg/m3 (879 WHO fibres/
cm3), or for three weeks to RCF1 (51.2 mg/m3, 679 WHO fibres/cm3); there were similar
proportions of long fibres in the aerosol clouds of both fibre types. Following a three-
day recovery period, inflammation, as measured by increased numbers of polymorpho-
nuclear leukocytes in bronchoalveolar lavage, was observed after treatment with both
38.7 mg/m3 and 43.8 mg/m3 of MMVF21: 4.7% and 13.4%, respectively, compared
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with 1.1% in the lavage of rats exposed to clean air. In contrast, the rats exposed to
refractory ceramic fibres had 18.9% polymorphonuclear leukocytes. During the
extended post-exposure recovery period, the levels of polymorphonuclear leukocytes in
the rats exposed to MMVF21 had returned to those of control animals by three months
(0.5% and 0.8% in the groups treated with 38.7 mg/m3 and 43.8 mg/m3, respectively);
however, at this time-point, the rats treated with RCF1 still had 13.5% polymorpho-
nuclear leukocytes, although by 12 months this had decreased to 3.4%, which was not
different from controls. 


McConnell et al. (1994) exposed Fischer 344/N rats for 6 h per day, on five days per
week for up to 24 months to MMVF21 at 3.1 mg/m3 (34 WHO fibres/cm3, 13 fibres >
20 µm long/cm3), 16.1 mg/m3 (150 WHO fibres/cm3, 74 fibres > 20 µm long/cm3) and
30.4 mg/m3 (243 WHO fibres/cm3, 114 fibres > 20 µm long/cm3). Other groups of rats
were exposed to MMVF22 at 3.1 mg/m3 (30 WHO fibres/cm3, 10 fibres > 20 µm long/
cm3), 16.1 mg/m3 (131 WHO fibres/cm3, 50 fibres > 20 µm long/cm3) or 29.9 mg/m3


(213 WHO fibres/cm3, 99 fibres > 20 µm long/cm3). Crocidolite (exposure period,
10 months; dose, 10 mg/m3; 1610 WHO fibres/cm3; 236 fibres > 20 µm long/cm3) was
used as a positive control. After various times up to 24 months, lung pathology was
assessed and expressed as Wagner scores. The negative controls scored Wag 1 and
animals exposed to crocidolite had a score of Wag 4 from three months of exposure
onwards. Exposure to 16.1 mg/m3 and 30.4 mg/m3 MMVF21 resulted in scores of Wag 4
after 18 months which did not decrease after a period of recovery. Animals that received
29.9 mg/m3 MMVF22 scored Wag 3 from six months onwards, and these scores
decreased to Wag 2 or Wag 2.5 during recovery. 


Kamstrup et al. (1998) exposed Fischer 344 rats to MMVF21 at a concentration of
16.1 mg/m3 (150 WHO fibres/cm3, 74 fibres > 20 µm long/cm3) or 30.4 mg/m3 (243
WHO fibres/cm3, 114 fibres > 20 µm long/cm3) or MMVF34 (soluble HT rock (stone)
wool), at 30.5 mg/m3 (288 WHO fibres/cm3, 86 fibres > 20 µm long/cm3) for 6 h per
day, on five days per week for up to 18 months. At this time, the Wagner pathology score
was Wag 4 in rats exposed to both the 16.1 mg/m3 and 30.4 mg/m3 doses of MMVF21
and 2.8 for rats exposed to MMVF34. The authors concluded that the lower bio-
persistence of the MMVF34 provided the most likely explanation for the observed diffe-
rences. The same study reported the percentage of lung parenchyma affected with
fibrosis or showing interstitial collagen in a morphometric assay (Kamstrup et al., 2001).
A maximum of 0.5% collagen deposition (expressed as percentage of lung parenchyma
affected) was reported for rats exposed to MMVF34 at 24 months, whilst in rats exposed
to MMVF21 the scores were 1.68% after exposure to 16.1 mg/m3 and 3.84% after expo-
sure to 30.4 mg/m3 at the same time-point. The authors concluded that this study
provided further evidence that biopersistence is important in the pathogenicity of fibres.


Donaldson (1994) attempted to adapt short-term inflammation assays in the mouse
peritoneal cavity to detect differences between fibres of variable biopersistence by
including a pre-treatment step in which the fibres were incubated for four weeks at
neutral or mild acid pH. Pre-treatment of MMVF21 and RCF1 fibres at pH 5.0 decreased


IARC MONOGRAPHS VOLUME 81296


pp241-326.qxd  06/12/02  15:07  Page 296







the degree of inflammation caused by MMVF21, but not RCF1 when compared with the
effect seen after pre-treatment at pH 7.0. The author considered these findings confirmed
that MMVF21 is not biopersistent at pH 5.0 and either shortens or dissolves. [The
Working Group noted that the treated fibres were not sized or counted to confirm this
contention.] 


(b) Cell activation
Hill et al. (1996) assessed the ability of rat alveolar macrophages to release super-


oxide anions in response to treatment with uncoated or immunoglobulin (IgG)-coated
MMVF21, code 100/475, RCF1 and silicon carbide fibres at equal numbers of WHO
fibres. There was little release of superoxide in response to uncoated fibres of any type
but, after incubation with IgG, the ability of both MMVF21 and RCF1 to cause
superoxide release was enhanced. This effect appeared to be related to the high
affinity of these fibres for the IgG, which is present in lung lining fluid and could also
be adsorbed to the fibres in vivo to cause this enhancing effect. 


Zoller and Zeller (2000) assessed the production of reactive oxygen species (ROS)
by cultured human HL-60 cells using three types of rock (stone) wool fibre: code G,
MMVF21 and HT-N (origin of the fibres specified in the paper). All samples were
respirable and had the following proportions of long fibres: code G, 34% > 15 µm;
MMVF21, 10% > 5 µm; HT-N, 50% > 15 µm. Both the untreated fibres and fibres
that had been incubated at 37 °C in unbuffered saline solution for four weeks were
tested. Pre-incubation reduced the ability of the code G rock (stone) wool fibres to
cause chemiluminescence mediated by reactive oxygen species, but had no effect on
MMVF21 or HT-N fibres. 


(c) Other effects
Gilmour et al. (1995) assessed the ability of MMVF21 and MMVF22 at equal


numbers of fibres to cause scission of supercoiled plasmid DNA in a cell-free system.
These two fibres had little or none of this activity when compared with amosite
asbestos. Tests on a series of fibres revealed no relationship between the ability of a
fibre to release bioavailable iron and its pathogenicity.


4.3.3 Refractory ceramic fibres


(a) Inflammation
Refractory ceramic (aluminosilicate) fibres have been studied in vivo in rats and


in Syrian golden hamsters and were reported to induce inflammation in the lung
following inhalation.


In long-term inhalation studies (McConnell et al., 1995), Syrian golden hamsters
were exposed for 18 months by nose-only inhalation for 6 h per day on five days per
week to ‘size-selected’ kaolin-based RCF1 at an airborne mass concentration of
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~30 mg/m3 (approximately 220 fibres/cm3; diameter, 1 µm; length, 25 µm). Inflamma-
tion of the lung was noted histologically as macrophage infiltration and microgranu-
loma formation. This study was designed to assess carcinogenicity (see section 3).


In chronic inhalation studies similar to those described above, the same kaolin-based
RCF1 fibre preparation together with three other refractory ceramic fibres, viz an alumi-
nium zirconium silica fibre (RCF2), a high-purity fibre (RCF3), and an ‘after-service’
heated kaolin-based fibre (RCF4) (all preparations contained an appreciable number of
non-fibrous particles), were administered to Fischer 344 rats by nose-only inhalation
(Mast et al., 1995b). The animals were exposed for 6 h per day, on five days per week
for 24 months to the size-selected (1 µm diameter and ~20 µm length; 220 fibres/cm3)
refractory ceramic fibres at an airborne concentration of ~30 mg/m3. Inflammation of the
lung was noted histologically as macrophage infiltration and microgranuloma formation
and was found to be treatment-related in all groups exposed to refractory ceramic fibres
beginning at three months of exposure. In a follow-up dose–response study of RCF1,
Mast et al. (1995a) used the same exposure regimen for airborne fibre concentrations of
3, 9 or 16 mg/m3 (~36, 91 and 162 fibres/cm3, with equal or larger numbers of non-
fibrous particles (≤ 3 µm) and observed mild macrophage infiltration and microgranu-
loma formation by 12 months in rats in all concentration groups. The carcinogenicity
data from this study have been reviewed in section 3.


In a re-analysis of the above-mentioned experiments, the authors of more recent
studies of well-characterized RCF1 and RCF1a fibres, containing 25% and 2% non-
fibrous particles, respectively, concluded that the non-fibrous particulate fraction of
the aerosol used in these chronic studies was likely to be partially responsible for the
persistent inflammation that resulted in the long-term effects in the lungs of rats
exposed to the 30-mg/m3 concentration (Brown et al., 2000a; Mast et al., 2000b).


Analysis of bronchoalveolar lavage fluid provided cytological and biochemical
evidence that subchronic inhalation of RCF1 fibres causes pulmonary inflammation.
Creutzenberg et al. (1997) exposed rats for three weeks to RCF1 at a single concen-
tration of 51.2 mg/m3 (679 WHO fibres/cm3) and noted increased numbers of poly-
morphonuclear leukocytes for up to three months following cessation of exposure.
Gelzleichter et al. (1999) conducted a 12-week inhalation study (treatment for 4 h per
day, on 5 days/week) in both Fischer 344 rats and Syrian golden hamsters with a single
RCF1 concentration of ~46 mg/m3 (~300 WHO fibres/cm3, with about 32% non-
fibrous particles) and found cytological and biochemical indications of inflammation
in bronchoalveolar lavage and pleural fluid in both species.


(b) Fibrosis
In the long-term studies mentioned above (Mast et al., 1995b; McConnell et al.,


1995), RCF1 fibres were demonstrated to be fibrogenic in Fischer 344 rats and Syrian
golden hamsters. When both species were exposed long-term by nose-only inhalation
for 6 h per day on five days per week to RCF1 at an airborne mass concentration of
~30 mg/m3, with approximately 220 fibres/cm3 (size-selected fibres: 1 µm in diameter
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and ~25 µm in length), both rats and Syrian golden hamsters were shown by histo-
logical analysis to have deposits of collagen at the bronchiolo–alveolar duct junctions.
In addition to pulmonary parenchymal fibrosis, rats and hamsters exposed to RCF1
had pleural fibrosis (McConnell et al., 1995). In hamsters chronically exposed to
RCF1, pulmonary fibrosis was less widespread than in control animals treated with
chrysotile while pleural fibrosis was more marked. 


In the long-term inhalation study of refractory ceramic fibres (Mast et al., 1995b),
rats were exposed to RCF1, RCF2, RCF3 and RCF4 fibres. Fibrotic changes in the
lungs developed after six months of exposure to RCF1 and RCF3. Collagen deposition
was noted by histopathology after 24 months of exposure in response to all four prepa-
rations of refractory ceramic fibres. In addition, minimal to mild multifocal deposition
of collagen was noted in the pleura of rats exposed to RCF1, RCF2 and RCF3 as well
as in positive control animals exposed to chrysotile asbestos. 


The long-term studies described above suggest that Syrian golden hamsters are
more predisposed to the pleural effects of inhaled RCF1 than Fischer 344 rats. This
finding is supported by other studies (Everitt et al., 1997; Gelzleichter et al., 1999) in
which Fischer 344 rats and Syrian golden hamsters were exposed under the same
experimental conditions, namely by nose-only inhalation to RCF1 for 4 h per day on
five days per week at a single concentration (~46 mg/m3, ~300 WHO fibres/cm3) for
12 weeks. At 12 weeks post-exposure, the hamsters, but not the rats, had significant
increases in deposition of pleural collagen, which correlated with an increased pleural
mesothelial reaction, as assessed by cell proliferation.


(c) Cell proliferation
Rutten et al. (1994) demonstrated proliferation of mesothelial cells seven and 28


days after direct intrapleural instillation of RCF1 into Fischer 344 rats and Syrian
golden hamsters. Hamsters demonstrated more extensive proliferation of mesothelial
cells than did rats exposed to similar numbers of MMVF10 glass or RCF1 refractory
ceramic fibres: RCF1 fibres induced a higher rate of proliferation in both species than
MMVF10 glass fibres. 


More recent studies by Gelzleichter et al. (1999) involving exposure by inhalation
of both Fischer 344 rats and Syrian golden hamsters to a single concentration of RCF1
(~46 mg/m3, ~300 WHO fibres/cm3) for 12 weeks demonstrated proliferation of visceral
and parietal mesothelial cells. Stronger and more persistent effects were seen in the
hamsters than in the rats. [The Working Group noted that this study employed only one
exposure concentration and did not compare RCF1 with any other fibrous particulates.]


(d ) Cellular toxicity
Dopp et al. (1995) tested asbestos (chrysotile, amosite and crocidolite) fibres and


refractory ceramic fibres [type unspecified] for their ability to induce apoptosis in
cultured Syrian hamster embryo cells. Treatment with 0.5–10 µg/cm2 refractory ceramic
fibre or amosite for 16–72 h showed a small (3–3.4%), but not dose-related, deve-
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lopment of apoptotic nuclei. This is in contrast to a significantly higher rate of apoptosis
observed in Syrian hamster embryo cells treated with chrysotile (5 µg/cm2) (up to 33%).
[The Working Group noted that the dose levels, as expressed in number of fibres, were
different.]


Hart et al. (1994) used Chinese Hamster ovary cells to assess the toxic effects of a
large variety of fibres of various lengths and thicknesses, including crocidolite, chryso-
tile and various synthetic vitreous fibres. The primary effect of all the compositions
tested was a concentration-dependent decrease in cell proliferation as a result of the
physical disruption of cell division. These effects were strongly correlated with fibre
length, but not with diameter. The effects did not differ between fibre types, which led
the authors to conclude that this in-vitro system could not discriminate between fibres of
different pathogenicity. 


Refractory ceramic fibre [type unspecified] was found to be cytotoxic to cultured rat
alveolar macrophages (24 h of exposure to 100, 300, or 1000 µg/mL), as assessed by the
release of lactate dehydrogenase, but this effect was small in comparison with that
observed after exposure to silica at a similar mass dose (Leikauf et al., 1995). Fujino et al.
(1995) treated rat alveolar macrophages with refractory ceramic fibres [type unspecified]
(12.5–200 µg/mL) and determined the release of tumour necrosis factor, lactate dehydro-
genase and β-glucuronidase. In comparison with a series of natural mineral and synthetic
vitreous fibres, the refractory ceramic fibres exhibited relatively low levels of biological
activity. This was in contrast to the findings of earlier studies on an aluminium silicate fibre
(Nadeau et al., 1987) which under certain experimental conditions elicited a greater release
of lactate dehydrogenase and β-glucuronidase from macrophages than did chrysotile. [The
Working Group noted that differences in fibre type, preparations, dimensions and dose may
explain these results.]


(e) Cell activation
Refractory ceramic fibres have been demonstrated to activate polymorphonuclear


neutrophils through an increase in intracellular calcium (Ruotsalainen et al., 1999). In
this study, the production of reactive oxygen species induced by refractory ceramic
fibres [not specified] in polymorphonuclear neutrophils was markedly higher than
with other synthetic vitreous fibres, although the study did not use fibres of equivalent
length distribution.


Treadwell et al. (1996) compared the abilities of RCF1 and asbestos to cause
adherence of neutrophils to monolayers of endothelial cells at non-cytotoxic concen-
trations. Crocidolite and chrysotile asbestos, but not RCF1, activated endothelial cells
and induced adherence of neutrophils through the expression of endothelial adhesion
molecules such as intercellular adhesion molecule-1. In similar studies Barchowsky
et al. (1997) found that crocidolite and chrysotile, but not RCF1, activated tyrosine
kinases, increased cell motility and caused marked changes in endothelial cell
morphology.
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( f ) Oxidant generation
Brown et al. (1998b) compared MMVF10, code 100/475, RCF1, RCF4, silicon


carbide and amosite asbestos for their ability to generate free radicals using two assays:
the assay of DNA ϕX174 plasmid scission and a salicylate assay of hydroxyl radical
activity. In the plasmid assay, only long-fibre amosite asbestos produced free radical
activity, while in the salicylate assay, both RCF1 and amosite caused release of hydroxyl
radicals.


Hill et al. (1996) assessed the ability of rat alveolar macrophages to release
superoxide anions in response to treatment with uncoated and immunoglobulin (IgG)-
coated synthetic vitreous fibres. The studies used equal numbers of fibres of MMVF21,
code 100/475, RCF1 and silicon carbide. There was little release of superoxide in
response to uncoated fibres of any type but, after incubation with IgG, the activities of
both MMVF21 and RCF1 fibres were enhanced in this respect. This appeared to be
related to the high affinity of these fibres for the IgG, which is present in lung lining
fluid and which could be adsorbed in vivo to cause this enhancing effect.


(g) Other effects
Brown et al. (2000b) examined the ability of equal numbers of fibres of different


types to deplete antioxidants from lung lining fluid and from solutions of individual
antioxidants. Included in the series of MMVFs tested were RCF1 and RCF4. The
ability to deplete antioxidants did not correlate with differences between pathogenic
and non-pathogenic fibres (as defined in long-term rodent bioassays). In comparison
with MMVF10 glass fibres, RCF1 and RCF4 were not found to be especially active
in depleting glutathione in these studies. 


4.4 Effects on gene expression


4.4.1 Continuous glass filament and glass wool


Driscoll (1996) reviewed the role of inflammatory cytokines, growth factors and
proto-oncogenes in asbestos-induced carcinogenesis. Churg et al. (2000) highlighted
the role of reactive oxygen species in fibre-induced activation of signalling pathways
controlling the expression of pro-inflammatory cytokines and growth factors.


In a sub-chronic inhalation study, the exposure of male Syrian golden hamsters to
901 glass fibre (MMVF10.1) at a concentration of ≥ 16 mg/m3 for 6 h per day on five
days per week for 13 weeks resulted in proliferation of epithelial cells (measured by
immunostaining of proliferating cell nuclear antigen) and inflammation at bifurcations
of the bronchoalveolar duct (Hesterberg et al., 1999). However, the staining intensity
returned to normal after a 10-week recovery period and the proliferative response to
glass fibres was lower than that for inhalation of amosite. This difference in the
magnitude and duration of the proliferative activity of amosite asbestos in comparison
with glass fibre (code 100/475) was also demonstrated by the use of bromodeoxy-
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uridine-labelling in male Wistar rats 16 h after a single 7-h period of exposure to fibres
(Donaldson et al., 1995a). The authors concluded that glass fibres on a mass basis may
be less potent activators of cell proliferation in vivo than amosite asbestos.


The fibre-induced expression of DNA damage-inducible genes, proto-oncogenes
or tumour suppressor genes has recently been investigated. Johnson and Jaramillo
(1997) reported that, unlike crocidolite, code 100 glass microfibres failed to enhance
the expression of DNA damage-inducible genes (p53, Cip 1 and Gadd 153) in an
alveolar epithelial type II tumour cell line (A549).


Exposure to MMVF10 at 25 µg/cm2 did increase the concentrations of mRNA for c-
fos and c-jun in rat pleural mesothelial cells, but it was less potent than crocidolite as it
affected these proto-oncogene mRNA levels only at doses which caused cytotoxicity.
High concentrations of MMVF10 also increased mRNA levels for ornithine decarboxy-
lase in hamster tracheal epithelial cells, indicating induction of cell proliferation (Janssen
et al., 1994).


The mammalian activator protein-1 family comprises homodimers and heterodimers
of the Jun, Fos and ATF (activating transcription factor) subgroups of transcription
factors (Shaulian & Karin, 2001). Activator protein-1 regulates the expression and
function of regulators of the cell cycle, such as cyclin D1, p53, p21Cip1/Waf1, p19ARF and
p16 and, therefore, plays an important role in cell proliferation. Mitogen-activated
protein kinases (MAPK) play an important role in the signalling pathway for activator
protein-1: extracellular signal-regulated kinase (ERK) can activate c-fos while Jun N-
terminal kinase (JNK) activates c-jun and ATF (Karin, 1995). An increase of c-Jun
protein has been shown in BALB/c-3T3 cells transformed by AAA-10 glass fibres (Gao
et al., 1997). In addition, exposure of rat alveolar macrophages to code 100 glass fibres
induced the phosphorylation of p38 and ERK MAPK (Ye et al., 2001). Exposure to code
100 glass fibres also stimulated the DNA binding activity of activator protein-1. Acti-
vation of activator protein-1 was partially inhibited by SB203580 (an inhibitor of p38)
or PD98059 (which prevents the phosphorylation of ERK), indicating a role for MAPK
in the signalling pathway to activator protein-1. Glass fibres (MMVF10) have also been
shown to activate activator protein-1 in rat alveolar macrophages, but the strength of this
effect was only about a third of that observed for amosite (Gilmour et al., 1997).


Tumour necrosis factor α (TNF-α) is an inflammatory mediator that has also been
implicated to play a role in cell proliferation and apoptosis. Treatment of rat tracheal
epithelial explants with TNF-α has been shown to enhance the binding of MMVF10
fibres to the cell surface. This enhancement was mediated through the activation of
nuclear factor-κB (NF-κB) (Xie et al., 2000). Indeed, binding of TNF-α to the TNF
type 1 receptor has been linked to phosphorylation of JNK which results in activation
of activator protein-1 and cell proliferation (Karin & Delhase, 1998). Brass et al. (1999)
have reported that the fibroproliferative response at the junctions of the bronchiolar–
alveolar duct induced by inhalation of chrysotile is directly related to fibre-induced
expression of mRNA and protein for TNF-α and transforming growth factor β1
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(TGF-β1); C57BL/6 mice were found to be susceptible to development of this lesion
while 129 inbred mice were resistant.


Since TNF-α has been linked to fibre binding and cell proliferation, it is important
to determine the effect of glass fibres on its production. To date, conflicting results
have been reported. Cullen et al. (1997) showed that, unlike amosite or crocidolite,
glass fibres (MMVF10 and MMVF11) failed to induce TNF-α production in cultures
of rat alveolar macrophages. Similarly, Code 100/475 or MMVF10 glass fibres failed
to significantly stimulate the release of TNF-α from rat alveolar macrophages, human
blood monocytes, THP-1 human macrophage cell line or J774.2 mouse macrophage
cell line in culture (Fisher et al., 2000). Similarly, glass fibres [not further specified]
did not significantly stimulate TNF-α production by J774 cells (Murata-Kamiya et al.,
1997). In contrast, significant stimulation by glass fibres [not further specified] of the
release of TNF-α from rat alveolar macrophages was reported by Fujino et al. (1995),
with a potency that was only slightly less than that of crocidolite, chrysotile or amosite
asbestos.


A significant increase in TNF-α production was reported after in-vitro exposure for
6 h and 16 h to code 100 glass fibres (size-selected by dielectrophoresis) at a fibre:cell
ratio of 5:1 in the mouse peritoneal monocyte cell line RAW 264.7 and in NR 8383 rat
alveolar macrophages. Glass fibres 17 µm long were found to be two to four times more
potent than short fibres (7 µm) in stimulating release of TNF-α at equal fibre numbers.
Code 100 microfibres also activated the TNF-α gene promoter in RAW 264.7 monocyte
and NR8383 alveolar macrophage cell lines; the 17-µm-long fibres were two to three
times more potent than the 7-µm fibres. Several transcription factors have been
identified as being involved in the expression of TNF-α induced by glass fibres. That is,
the release of TNF-α in response to exposure to glass fibres was almost completely
inhibited by an NF-κB inhibitor (SN50), by 70% with an inhibitor of p38 (SB203580)
and by about 50% with an inhibitor of ERK (PD98059), which suggested the
involvement of both NF-κB and activator protein-1. Similarly, fibre-induced TNF-α
gene promoter activity was also inhibited by blockers of NF-κB and mitogen-activated
protein kinase phosphorylation. In addition, transfection of NR8383 rat alveolar macro-
phage cells with an inactivated cAMP response element inhibited the glass-fibre-
induced activation of the TNF-α gene promoter by about 80% (Ye et al., 1999, 2001).


In addition to the proto-oncogenes discussed above, increased cell proliferation
has been linked to the secretion of inflammatory cytokines and growth factors from
lung cells exposed to asbestos (Driscoll, 1996). The transcription factor NFκB is
involved in the activation pathway for several such cytokines and growth factors
induced by various particles and fibres (Schins & Donaldson, 2000). Brown et al.
(1999) reported that amosite, the refractory ceramic fibre RCF1 and silicon carbide
fibres were effective stimulants of NF-κB activation in lung type II epithelial cells
(A549 tumour cell line). In contrast, twice the number of fibres of MMVF10 were
required to activate NF-κB while code 100/475 glass fibres were inactive even at this
high dose. Similarly, Gilmour et al. (1997) showed that amosite asbestos activated
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NF-κB in rat alveolar macrophages in vitro, but MMVF10 failed to cause a significant
activation of this transcription factor. In contrast, in-vitro treatment for 2 h of RAW
264.7 mouse monocytes with code 100 glass fibres at a fibre:cell ratio of 5:1 caused a
substantial increase in the DNA-binding activity of NF-κB; the 17-µm fibres caused a
threefold increase and the 7-µm fibres a twofold increase. The inhibition of the
translocation of NF-κB from the cytoplasm to the nucleus by the NF-κB inhibitor
(SN50) virtually eliminated the TNF-α production induced by glass fibres. There
appears to be a positive feedback loop between NF-κB and TNF-α. Not only does acti-
vation of NF-κB stimulate the TNF-α gene promoter and TNF-α production (Ye et al.,
1999), but TNF-α has been shown to cause a 10-fold increase in NF-κB activity in rat
lung epithelial alveolar type II cells and to deplete the concentrations of IκB-α, an
endogenous inhibitor of NF-κB activity (Janssen-Heininger et al., 1999). 


As stated above, NF-κB has been implicated in the upregulation of several pro-
inflammatory cytokines and growth factors observed after exposure to various particles
and fibres (Schins & Donaldson, 2000). Driscoll et al. (1996) reported that in-vitro expo-
sure of rat lung type II epithelial cells to crocidolite for 6 h increased mRNA concen-
trations for chemokines, macrophage inflammatory protein-2 and cytokine-induced
neutrophil chemoattractant, but, under similar conditions, MMVF10 glass fibres did not.
In an immunofluorescence assay, neither MMVF10 nor crocidolite asbestos fibres
(length, < 60 µm) affected epidermal growth factor–receptor protein staining intensity
and distribution in an SV-40-immortalized human mesothelial cell line (Met5A) (Pache
et al., 1998), whereas crocidolite fibres > 60 µm in length increased the staining intensity
and altered the distribution of this protein. It was noted by the authors that the MMVF10
glass fibres used in this study were only 20 µm in length, which may explain their
ineffectiveness. [The Working Group noted that fibres in this length category usually do
show effects in other cellular assays.] Glass fibres [not specified] reduced the plating
efficiency of B14F28 Chinese hamster fibroblasts at concentrations > 2 µg/cm2, but
increased colony formation at concentrations < 0.33 µg/cm2 (Fischer et al., 1998). This
proliferative effect appears to be due to fibre-induced production of growth factors by
these cells, since conditioned medium (supernatant medium of fibre-treated colonies)
was also effective in stimulating colony growth. Glass fibres were somewhat less potent
than amosite or crocidolite asbestos in this assay. In contrast, Koshi et al. (1991)
observed an inhibition of colony formation in Chinese hamster lung cells exposed to
code 100, code 104, code 108A and code 108B fibres, with TD50 values (concentrations
required for 50% inhibition) of 10, 11, 18 and 27 µg/mL, respectively.


Fibres and particles have been reported to activate signalling pathways for NF-κB
and activator protein-1 (Ding et al., 1999; Schins & Donaldson, 2000). Fibre-induced
generation of reactive oxygen species has been implied from the results of a ϕX174 RF
plasmid DNA assay to detect oxidant-induced DNA damage (Gilmour et al., 1995;
Donaldson et al., 1996). In this assay, amosite and crocidolite asbestos were shown to
generate significant amounts of reactive species in solution, whereas glass fibres
(MMVF10 and MMVF11) were virtually ineffective. In contrast, code 100 glass fibres
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and glass wool (Owens Corning) generated reactive species (hydroxyl radicals) in
solutions containing hydrogen peroxide at rates higher than those observed with croci-
dolite and amosite asbestos, as detected by a salicylate assay (Maples & Johnson, 1992).
Code 100/475 and MMVF10 glass fibres were also able to decrease the concentrations
of glutathione and ascorbate in cell-free solutions, suggesting that glass fibres can
generate reactive oxygen species under these conditions (Brown et al., 2000b).
Similarly, in-vitro treatment with MMVF10 decreased the concentrations of glutha-
thione in rat alveolar macrophages, although to a lesser extent than treatment with
amosite asbestos (Gilmour et al., 1997). Wang et al. (1999a) reported that glass fibres
were effective in stimulating the release of superoxide anions from guinea-pig alveolar
macrophages in vitro, their potency being about 70% of that of chrysotile. However,
glass fibres and chrysotile asbestos were equally potent in stimulating hydrogen
peroxide production in these macrophages. This level of oxidant production was asso-
ciated with a depletion of glutathione in these phagocytes, but glass fibres were not as
effective as chrysotile in this respect. Superoxide release was also observed to occur in
rat and hamster alveolar macrophages exposed in vitro to code 100 glass microfibres, or
to MMVF21 coated with IgG (Hansen & Mossman, 1987; Mossman & Sesko, 1990;
Hill et al., 1996). By means of chemoluminescence detection, the release of reactive
oxygen species was measured in human polymorphonuclear neutrophils exposed
in vitro to MMVF10, MMVF11, MMVF22, various types of refractory ceramic fibre or
glass wool and in human monocytes exposed to MG-1 microglass fibres (Leandersen &
Tagesson, 1992; Luoto et al., 1997; Ruotsalainen et al., 1999; Ohyama et al., 2000).


Oxidant production is believed to play an important role in mediating the proli-
ferative response of lung cells to fibres. Churg (1996) reported that antioxidants
decreased the uptake of asbestos fibres by explants of rat trachea. Antioxidants such as
curcumin and pyrrolidine dithiocarbamate have been shown to inhibit the amosite-
induced translocation of NF-κB to the nucleus in the lung epithelial tumour cell line
A549 while aspirin inhibited crocidolite-induced activation of activator protein-1 in the
mouse JB6 epidermal cell line (Brown et al., 1999; Ding et al., 1999). Aspirin was also
shown to be effective in inhibiting crocidolite-induced activation of activator protein-1
in the bronchiolar tissue of mice, when given 30 min before intratracheal instillation of
the fibres (Ding et al., 1999). In addition, exposure of rat lung epithelial alveolar type II
cells to 1 mM 3-morpholinosydnonimine (which releases nitric oxide and superoxide
which then react to yield peroxynitrite) caused an eightfold increase in activity of
NF-κB. This oxidant-induced activation of NF-κB can be enhanced synergistically by
TNF-α (Janssen-Heininger et al., 1999). Ye et al. (1999) have also shown that oxidants
play a role in the activation of NF-κB in mouse monocytes (RAW 264.7 cell line)
exposed in vitro to code 100 glass fibres (length, 17 µm). Treatment with N-acetyl-L-
cysteine (a non-specific antioxidant) completely inhibited glass fibre-induced acti-
vation of NF-κB, activation of the TNF-α gene promoter and TNF-α production.


Increases in free intracellular calcium have been associated with cell proliferation
through induction of c-fos and activation of activator protein-1 (Karin et al., 1997).
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Glass wool (not specified) has been reported to increase the intracellular calcium
concentration in human polymorphonuclear neutrophils exposed in vitro (Ruotsalainen
et al., 1999). Similarly, microglass fibres (not specified) mobilized intracellular calcium
in guinea-pig alveolar macrophages in vitro (Wang et al., 1999a). In both these studies,
the potency of glass fibres to increase free intracellular calcium was found to be signifi-
cantly lower than that of refractory ceramic fibres or chrysotile.


4.4.2 Rock (stone) wool, slag wool and refractory ceramic fibres


(a) Pulmonary epithelial cells
Proto-oncogene (c-fos, c-jun) mRNA levels were studied in vitro in hamster tracheal


epithelial cells exposed to 5–25 µg/cm2 crocidolite, MMVF10 or RCF1 (Janssen et al.,
1994). Changes in c-fos expression were not detected after exposure to any of these three
fibre types. Upregulation of c-jun was detected in response to crocidolite, MMVF10 and
RCF1, but the increase caused by MMVF10 and RCF1 was less pronounced than with
crocidolite.


Reactive oxygen and nitrogen species mediate cell proliferation and the production
of pro-inflammatory cytokines through signal transduction and transcription factor acti-
vation. Brown et al. (1999) exposed A549 human lung epithelial type II tumour cells
in vitro to equal numbers of fibres of long-fibre amosite, silicon carbide, RCF1 and
RCF4 (8.24 × 106 fibres/mL) and investigated the induction of nuclear translocation of
NF-κB. After exposure to amosite, silicon carbide or RCF1 the translocation of NF-κB
to the nucleus was increased; a similar effect was observed after exposure to MMVF10
at 16.5 × 106 fibres/mL. No increase was detected after exposure to RCF4. Nuclear
translocation of NF-κB was inhibited by antioxidants, such as curcumin.


Marks-Konczalik et al. (1998) exposed SV-40-immortalized human bronchial epi-
thelial (BEAS 2B) cells to crocidolite, rock (stone) wool (115-4) and silica at concen-
trations of 0–50 µg/cm2 and measured manganese superoxide dismutase gene expression
and activity. At high concentrations (above 25 µg/cm2), a decrease in the activity of
manganese superoxide dismutase was seen in response to crocidolite and silica, but not
to rock (stone) wool. Upregulation was seen in cells exposed to low concentrations
(2 µg/cm2) of all three fibre types. The decreased activity of manganese superoxide
dismutase coincided with increased cytotoxicity.


Ljungman et al. (1994) exposed rat alveolar macrophages to equal masses of a
range of mineral fibres and measured mRNA expression and activity of TNF-α.
Following exposure for 90 min, an increase in TNF-α mRNA expression was observed.
The results, from highest to lowest, were: chrysotile B > chrysotile A > crocidolite >
RCF1 > silicon carbide > MMVF21. No increase in expression was seen after exposure
to MMVF22. Upregulation of TNF-α activity was seen in response to the two types of
chrysotile, MMVF21 and crocidolite, but not with MMVF22, RCF1 or silicon carbide. 


Fisher et al. (2000) exposed rat alveolar macrophages and monocytes from human
peripheral blood to a variety of mineral fibres (3 × 106 fibres/mL) for 16 h and measured
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the production of TNF-α protein. Rat macrophages showed increased concentrations of
TNF-α protein following exposure to silicon carbide, MMVF10 and RCF1. In human
monocytes, increased concentrations of TNF-α protein were observed following expo-
sure to silicon carbide or RCF1.


Cullen et al. (1997) added equal numbers of mineral fibres (8.2 × 106/well) to rat
alveolar macrophages and measured the increase in production of TNF-α protein. The
order of activity was: silicon carbide > crocidolite > long amosite > code 100/475 >
MMVF22 > RCF1 and RCF2 > MMVF21 > RCF3 and RCF4. 


Gilmour et al. (1997) exposed rat alveolar macrophages to amosite asbestos,
RCF1 and MMVF10 each at a concentration of 8.24 × 106 fibres/mL and measured
the activation of NF-κB and activator protein-1. Nuclear binding of activator protein-
1 transcription factor was upregulated by 37%, 9% and 12%, by amosite asbestos,
RCF1 and MMVF10, respectively. Only amosite increased the activity of NF-kB.


(b) Mesothelial cells
Janssen et al. (1994) exposed rat pleural mesothelial cells to various concentrations


(up to 25 µg/cm2 area of culture dish) of crocidolite, MMVF10 and RCF1, and deter-
mined the steady-state levels of c-fos and c-jun proto-oncogene mRNA. Changes in c-
fos and c-jun expression induced by crocidolite were seen in response to exposure to
concentrations as low as 2.5 µg/cm2. Exposure to MMVF10 or RCF1 increased
expression only at concentrations of 25 µg/cm2. The potency of MMVF10 and RCF1
was less on a per mass basis than that of crocidolite in this assay. 


4.5 Genetic and related effects


4.5.1 Continuous glass filament and glass wool


No data were available to the Working Group on the genetic effects of continuous
glass filaments.


Asbestos and glass fibres are not direct mutagens in assays with Escherichia coli
(strain WP2uvrA) or Salmonella typhimurium (strain TA1538) (Chamberlain & Tarmy,
1977; Barrett et al., 1989). However, asbestos fibres have been shown to generate
reactive oxygen species and cause DNA damage (strand breaks) in cell-free systems
(Gilmour et al., 1995; Donaldson et al., 1996). In a Syrian hamster embryo cell culture
system, exposure to asbestos fibres resulted in accumulation of fibres in the perinuclear
region of the cell. Although no gene mutations were detected at two specific loci in these
cells (Oshimura et al., 1984), it has been proposed that the physical presence of such
fibres interferes with chromosome segregation during mitosis, which could result in
aneuploidy or chromosomal translocations leading to the activation of proto-oncogenes
and/or the inhibition of suppressor genes. The proliferation of such transformed cells
could perpetuate genetic errors and lead to oncogenesis (Barrett et al., 1989).
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Studies on glass fibres have demonstrated a positive response in genotoxicity tests
in non-human mammalian cells, as shown by the induction of DNA damage, micro-
nuclei and binucleated and multinucleated cells following exposure to fibres of different
origin (Table 73 and references therein). Negative results were obtained with very long
and thick fibres; for instance, no genotoxicity was observed in V79 hamster fibroblasts
treated with general-purpose building insulation fibres (median length and diameter,
98 µm and 7.3 µm, respectively), whereas treatment with fibres of AAA-10 (median
length and diameter, 2 µm and 0.18 µm, respectively) and JM 100 (median length and
diameter, 3.5 µm and 0.2 µm, respectively) did produce DNA and chromosomal damage
in the same assay. The dependence of micronucleus formation and chromosomal
damage on fibre dimensions has been emphasized by numerous independent studies.


Nuclear abnormalities (micronucleus, polynuclei) were investigated in Chinese
hamster ovary cells exposed to 17 different samples of glass fibres with average
dimensions ranging between 3.5 and 27 µm in length and 0.3 and 7.0 µm in diameter.
The effects were directly related to fibre length, whereas diameter had little impact on
the induction of nuclear abnormalities. The induction of abnormal anaphases or telo-
phases in rat pleural mesothelial cells was correlated with the presence of fibres —
described as the most carcinogenic by Stanton et al. (1977) (length, > 8 µm; diameter,
≤ 0.25 µm) — with a non-observable effect level estimated at 2.5 × 105 fibres/cm2 area
of culture dish. Fibres of these dimensions were poorly represented in the MMVF
samples used in this assay, possibly accounting for the absence of any activity of
MMVF10 or MMVF11.


Formation of micronuclei was observed in Syrian hamster embryo cells exposed to
1 µg/cm2 of code 100 fibres; cell transformation was also seen under these conditions.
Reduction of fibre length by milling, without affecting fibre diameter, diminished the
transforming potency of these fibres. Morphological transformation was also found in
BALBc-3T3 cells exposed to code 100 fibres.


Formation of binucleated and multinucleated cells was detected after treatment of
either untransformed or SV40-immortalized Met5A human mesothelial cells with thin
glass wool (median length and diameter, 6.1 µm and 0.29 µm, respectively). Moreover,
DNA damage and structural and numerical chromosomal aberrations were observed in
human mesothelial cells exposed to glass fibres [not specified].


Many studies have focused on the production of reactive oxygen species by rodent
alveolar macrophages or human polymorphonuclear leukocytes treated with glass wool
(Table 74 and references). These effects are not necessarily associated with genotoxicity;
however, they are cited here because reactive oxygen species may damage DNA in other
target cells of the lung (Kane et al., 1996). All studies reported production of reactive
oxygen species after exposure to glass fibres. In-vitro cell-free assays have been used to
investigate the intrinsic ability of fibres to produce reactive oxygen species. Two types
of end-point have been used: measurement of guanine hydroxylation in DNA or in
deoxyguanosine; or scission of plasmid DNA, as assessed by agarose gel electro-
phoresis. These assays indicate the formation of hydroxyl radical (• OH) and DNA
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Table 73. Genetic and related effects of glass wool


Test system Result Dosea Fibre typeb Reference


DNA damage (comet assay), Chinese hamster V79 cells + 1.7 µg/cm2 Owens Corning AAA-10 Zhong et al. (1997)


Formation of micronuclei, Syrian hamster embryo cells + 1 µg/cm2 (single dose) Code 100 (unmilled) Hesterberg et al.
(1986


Formation of bi- and multinucleated cells, rat liver
  epithelial cells


+ 1 µg/cm2 (no dose–
response; higher doses
had no effect


Thin glass wool Pelin et al. (1995)


Formation of bi- and multinucleated cells, Met-5A and
  PL102 human mesothelial cells


+ 1 µg/cm2 (higher doses
also active)


Thin glass wool Pelin et al. (1995)


Formation of micronuclei and multinucleated cells,
  Chinese hamster V79 cells


+ 10 µg/mL AAA-10 (Owens Corning);
code JM 100


Ong et al. (1997)


Formation of micronuclei and multinucleated cells,
  Chinese hamster V79 cells


– 160 µg/mL General-purpose building
insulation (Owens Corning)


Ong et al. (1997)


Nuclear abnormalities (micronucleus and ploidy),
  Chinese hamster ovary cells


+ Not applicable: data not
provided individually


MMVF10;
MMVF11;
MvL 475/code 90;
MvL 475/code 108;
MvL 475/code 110;
MvL 475/code 112;
MvL 475/475TK;
MvL 901/FG3;
MvL 901/FG5;
MvL 901/FG9;
MvL 901/FG15;
MvL 901/FG19;
MvL 901/FG22;
MvL 901/FG25;
MvL 901/FG31;
X607 thick;
X607 thin


Hart et al. (1994)


p
p
2
4
1
-
3
2
6
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
5
:
0
7
 
 
P
a
g
e
 
3
0
9







IA
RC M


O
N


O
G


RA
PH


S V
O


LU
M


E 81
310Table 73 (contd)


Test system Result Dosea Fibre typeb Reference


Chromosomal aberrations (structural), Chinese hamster
  lung cells


– 300 µg/mL Code 100; code 104; code
108A


Koshi et al. (1991)


Chromosomal aberrations (numerical; polyploidy),
  Chinese hamster lung cells


+ 10 µg/mL Code 100; code 104 Koshi et al. (1991)


Chromosomal aberrations (numerical; polyploidy),
  Chinese hamster lung cells


+ 100 µg/mL Code 108A Koshi et al. (1991)


Cell transformation, Syrian hamster embryo cells + 2 µg/cm2 Code 110 (thick) Hesterberg & Barrett
(1984)


Cell transformation, Syrian hamster embryo cells +c 0.5 µg/cm2 Code 100 (thin) Hesterberg & Barrett
(1984)


Cell transformation, Syrian hamster embryo cells +c 1 µg/cm2 (single dose) Code 100 (unmilled) Hesterberg et al.
(1986)


Micronucleus formation, Syrian hamster embryo cells +c 1 µg/cm2 (single dose) Code 100 (unmilled) Hesterberg et al.
(1986)


Cell transformation (foci), anchorage-independent growth
  of transfectants and transforming potency of
  transfectants on NIH-3T3, BALB/c-3T3 cells


+ 1 µg/cm2 AAA-10 (Owens Corning) Gao et al. (1995)


Cell transformation (foci), anchorage-independent growth
  of transfectants and transforming potency of
  transfectants on NIH-3T3, BALB/c-3T3 cells


+ 38 µg/cm2 General building insulation
(Owens Corning)


Gao et al. (1995)


Cell transformation (foci), anchorage-independent growth
  of transfectants and transforming potency of
  transfectants on NIH-3T3, BALB/c-3T3 cells


+ 10 µg/cm2 Code 100 Gao et al. (1995)


8-OH-dG formation, mouse reticulum-cell sarcoma cell
  line (J774)


– 27 µg/cm2 Glass Murata-Kamiya et al.
(1997)


Anaphase/telophase abnormalities in rat pleural
  mesothelial cells


– < 2.5 × 105 Stanton
fibres/cm2 d


MMVF10; MVVF11 Yegles et al. (1995)
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Table 73 (contd)


Test system Result Dosea Fibre typeb Reference


DNA damage (comet assay), human HeI 299 lung
  fibroblasts


+ 3.4 µg/cm2 Owens Corning AAA-10
microfibres


Zhong et al. (1997)


Induction of DNA breakage, repair and interstrand
  cross-linking, human lung epithelial (A549) cell line


+ 40 µg/cm2


(single dose)
MG1 micro glass fibres
(JFMRA); GW1 glass wool
fibres (JFMRA)


Wang et al. (1999b)


Formation of bi- and multinucleated cells, human
  MeT-5A mesothelial cells and human primary
  mesothelial cells from pleural effusions


+ 1 µg/cm2 Thin glass wool Pelin et al. (1995)


Transfection of plasmid and DNA replication, human
  MeT-5A mesothelial cells


– 1.33 µg/cm2


(single dose)
Glass fibres Gan et al. (1993)


Chromosomal aberrations in human embryo lung cells + 1.0 µg/cm2 MG1 micro glass fibres
(JFMRA); GW1 glass wool
fibres (JFMRA)


Wang et al. (1999b)


Gene amplification and mutation, glass fibre-induced
  transformed BALB/c-3T3 cells (H-ras, K-ras, c-myc
  and c-fos) (p53 and K-ras)


AAA-10 (Owens Corning) Whong et al. (1999)


8-OH-dG, 8-hydroxydeoxyguanosine
a Lowest effective dose or highest ineffective dose
b According to the authors
c Milling of the fibres strongly reduced the effect.
d Defined according to Stanton’s criteria: length > 8 µm, diameter ≤ 0.25 µm (Stanton et al., 1977)
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Table 74. Other effects of glass wool on cells in vivo


Test system Result Dosea Fibre typeb Reference


Superoxide production in rat alveolar macrophages
  (fibres either uncoated or coated with rat IgG)


+ 3 million fibres
(single dose)


Code 100/475 Donaldson et al.
(1995b)


Superoxide production in rat alveolar macrophages
  (fibres either uncoated or coated with rat IgG)


+ 25 µgc Code 100/475 Hill et al. (1996)


Production of reactive oxygen species, superoxide anions,
  hydrogen peroxide, and reduction of cellular glutathione
  content in guinea-pig alveolar macrophages


+d 200 µg/mL (single
dose)


MG1 micro glass fibres
(JFMRA); GW1 glass
wool fibres (JFMRA)


Wang et al. (1999a)


Production of reactive oxygen species, human poly-
  morphonuclear leukocytes


+ 200 µg/mL MMVF11 Luoto et al. (1997)


Production of reactive oxygen species, human poly-
  morphonuclear leukocytes


+ 100 µg/mL MMVF10 Luoto et al. (1997)


Release of superoxide anions (cytochrome C reduction),
  hamster alveolar macrophages (+ zymosan)


+ 2.5 µg/mL Code 100 Hansen & Mossman
(1987)


Release of superoxide anions (cytochrome C reduction),
  rat alveolar macrophages


+ 5 µg/cm2 Code 100 Hansen & Mossman
(1987); Mossman &
Sesko (1990)


Production of hydrogen peroxide, human polymorpho-
  nuclear leukocytes


+ 200 µg/mL (single
dose)


Glass wool Leanderson &
Tagesson (1992)


8-OH-dG formation (from dG added in the mixture),
  human polymorphonuclear leukocytes


+ 500 µg/mL Glass wool Leanderson &
Tagesson (1992)


Production of reactive oxygen species (chemilumi-
  nescence), human monocytes


+ 5 × 105 fibresc GW1 glass wool fibres
(JFMRA)


Ohyama et al. (2000)
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Table 74 (contd)


Test system Result Dosea Fibre typeb Reference


Production of reactive oxygen species (chemilumi-
  nescence), human monocytes


+ 35 × 105 fibresc MG1 micro glass fibres
(JFMRA)


Ohyama et al. (2000)


Production of reactive oxygen species (chemilumi-
  nescence), human polymorphonuclear leukocytes


+ 500 µg/mL Glass wool 2;
glass wool 3


Ruotsalainen et al.
(1999)


JFMRA, Japan Fibrous Material Research Association; 8-OH-dG, 8-hydroxydeoxyguanosine; dG, deoxyguanosine
a Lowest effective dose or highest ineffective dose
b According to the authors
c Dose estimated from paper
d GW1 fibres did not significantly reduce glutathione content.
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breakage, respectively. The results obtained with glass wool show formation of
8-hydroxydeoxyguanosine. The data obtained with plasmids are more difficult to
interpret since both positive and negative results have been reported (Table 75).


Hesterberg and Barrett (1984) studied the ability of code 100 (thin) and code 110
(thick) glass fibres to induce cell transformation in Syrian hamster embryo cells. When
compared on a per weight basis, thick glass fibres (average diameter, 0.8 ± 0.06 µm)
were 20 times less potent than thin fibres (average diameter, 0.13 ± 0.005 µm) in
inducing cell transformation. Fibre length was also found to be critical, since milling
glass fibres to lengths < 1 µm resulted in a more than 10-fold decrease in the trans-
forming potency. Examination by microscopy indicated that fibres entered the cells and
accumulated in the perinuclear regions (Barrett et al., 1989). These glass fibres altered
chromosomal segregation by blocking cytokinesis (Jensen & Watson, 1999) and gave
rise to binucleation or polynucleation in Syrian hamster embryo cells, human meso-
thelial cells, monkey epithelial cells, Chinese hamster ovary cells and V79 Chinese
hamster lung fibroblasts (Oshimura et al., 1984; Hart et al., 1994; Ong et al., 1997;
Jensen & Watson, 1999). Binucleation was reported to be directly dependent on the
length of the glass fibres and inversely dependent on fibre diameter (Hart et al., 1994).
Gao et al. (1995) demonstrated that transformation of BALB/c-3T3 cells with code 100
or AAA-10 glass fibres resulted in gene transformation, since DNA isolated from fibre-
transformed cells showed transforming potency upon transfection into naive cells. It was
also demonstrated that thin glass fibres, but not thick fibres, induced cell transformation.


Gao et al. (1997) reported that BALB/c-3T3 cells morphologically transformed by
AAA-10 glass microfibres overexpressed c-jun. Similarly, BALB/c-3T3 cells trans-
formed by AAA-10 glass microfibres showed amplification of the genes H-ras, K-ras,
c-myc and c-fos in 100, 56, 56 and 67% of the cells examined, respectively (Whong
et al., 1999). Mutations in the p53 gene were also noted. These results suggest that acti-
vation of proto-oncogenes and inactivation of the p53 suppressor gene may play a
mechanistic role in cell transformation induced by glass fibres.


4.5.2 Rock (stone) wool and slag wool


Few data are available on the genotoxic effects of rock (stone) wool and slag wool
(Table 76). Increased numbers of revertants were found in Salmonella typhimurium
TA100 exposed to MMVF21 and the number of revertants was greater in the
glutathione-deficient strains TA100/NG-54 and TA100/NG-57. DNA adducts were
detected in strain TA104.


Both rock (stone) wool (MMVF21) and slag wool (MMVF22) produced chromo-
somal abnormalities in a Chinese hamster ovary cell line. Induction of DNA damage
(breakage, cross-links) was observed in a human lung cancer cell line, A549 (one dose
tested), and chromosomal aberrations were found in human embryonic lung cells.


Increased production of reactive oxygen species has been noted in most of the
studies carried out with slag wool and rock (stone) wool and rodent alveolar macro-
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Table 75. Other effects of glass wool in vitro


Test system Result Dosea Fibre typeb Reference


Guanine hydroxylation in DNA (potentiation by
  hydrogen peroxide)


+ 10 mg/mL (single dose) Glass wool Leanderson &
Tagesson (1989)


Guanine hydroxylation in DNA (negative without
  hydrogen peroxide; potentiation by FeSO4, EDTA
  and mannitol)


+ 2.5 mg/mL Glass wool Adachi et al. (1992)


Guanine hydroxylation, calf thymus DNA and in dG
  solution (potentiation by FeCl2 and hydrogen
  peroxide)


+ 10 mg/mL (single dose) Glass wool Leanderson et al.
(1989)


Plasmid ϕX174, scission of supercoiled DNA – 46.25 × 106 fibres/mL
(single dose)


Code 100/475 Brown et al. (1998b)


Plasmid ϕX174, scission of supercoiled DNA – 30.8 × 106 WHO fibres/mL
(single dose)


MMVF10; MMVF11 Donaldson et al.
(1995c)


Plasmid ϕX174, scission of supercoiled DNA – 61.7 × 106 WHO fibres/mL MMVF10; MMVF11 Gilmour et al. (1995)


Plasmid ϕX174, scission of supercoiled DNA + 46.5 × 106 fibres/mL MMVF10 Gilmour et al. (1997)


Plasmid ϕX174, scission of supercoiled DNA – 46.25 × 106 fibres/mL
(single dose)


MMVF10 Brown et al. (1998b)


Hydroxylation of deoxyguanosine + NR Not specified Leanderson et al.
(1988)


Hydroxylation of guanine in DNA in vitro + 20 mg (single dose) Not specified Leanderson et al.
(1988)


Hydroxyl radical release in salicylate solution in the
  presence of hydrogen peroxide


+c 1 mg/mL (single dose) GW Owens Corning;
Code 100


Maples & Johnson
(1992)


Hydroxyl radical release in salicylate solution – 8.24 × 107 fibres/mL Code 100/475 Brown et al. (1998b)


Glutathione depletion from rat lung lining fluid + 8.24 × 106 fibres/mL MMVF10 Brown et al. (2000b)
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Table 75 (contd)


Test system Result Dosea Fibre typeb Reference


Glutathione depletion from rat lung lining fluid + 4.12 × 107 fibres/mL Code 100/475 Brown et al. (2000b)


Glutathione depletion from pure solution + 4.12 × 107 fibres/mL Code 100/475; MMVF10 Brown et al. (2000b)


Ascorbate depletion from rat lung lining fluid + 4.12 × 107 fibres/mL Code 100/475; MMVF10 Brown et al. (2000b)


Ascorbate depletion from pure solution + 4.12 × 107 fibres/mL Code 100/475; MMVF10 Brown et al. (2000b)


NR, not reported
a Lowest effective dose or highest ineffective dose
b According to the authors
c No effect without hydrogen peroxide
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Table 76. Genetic and related effects of slag wool and rock (stone) wool


Test system Result Dosea Fibre typeb Reference


Salmonella typhimurium TA100, reverse mutation, without
  exogenous metabolic system


(+)c 0.1–0.25 mg/plate MMVF21 Howden & Faux
(1996a)


Formation of fluorescent DNA adducts in Salmonella
  typhimurium TA104


+ 40 µg/mL MMVF21 Howden & Faux
(1996b)


Nuclear abnormalities (micronucleus and ploidy), Chinese
  hamster ovary cells


+ NR MMVF21; MMVF22 Hart et al. (1994)


Induction of DNA breakage, inhibition of DNA repair and
  DNA interstrand cross-linking, human lung epithelial
  (A549) cells


+ 40 µg/cm2 (single dose) RW1 rock (stone) wool
(slag wool, RW1; JFMRA)


Wang et al. (1999b)


Chromosomal aberrations, human embryo lung cells + 1.0 µg/cm2 RW1 rock (stone) wool
(slag wool, RW1; JFMRA)


Wang et al. (1999b)


NR, not reported
a Lowest effective dose or highest ineffective dose
b According to the authors
c Higher number of revertants in glutathione-deficient strains
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phages or human polymorphonuclear leukocytes (Table 77). Moreover, lipid peroxi-
dation was detected in S. typhimurium TA104 and rat lung fibroblasts exposed to
MMVF21. Glass wool, slag wool and rock (stone) wool all induced guanosine
hydroxylation and a low level of DNA breakage (Table 78). Inconclusive results were
obtained in DNA plasmid scission tests.


4.5.3 Refractory ceramic fibres


Genetic effects of refractory ceramic fibres have been reported (see Table 79 for
details and references). Fluorescent malondialdehyde–DNA adducts were observed in S.
typhimurium TA104 exposed to RCF-1. Aneuploidy was observed in Drosophila
melanogaster fed with different samples of refractory ceramic fibres. However, no
dose–response relationships were reported in these assays. In studies in non-human
mammalian cells, nuclear abnormalities were observed after exposure of Chinese
hamster ovary cells to RCF1, RCF2, RCF3 and RCF4. As with glass wool, the effect on
nuclear abnormalities (micronuclei and polynuclei) was directly related to fibre length.
In this assay, the average length of the refractory ceramic fibres ranged between 9.2 µm
and 24.3 µm and the average diameter from 1.0 µm–1.4 µm.


Negative results were obtained in studies in which other non-human mammalian
cells were exposed to refractory ceramic fibres. No abnormalities of anaphase or telo-
phase were observed in rat pleural mesothelial cells treated with different samples of
refractory ceramic fibres. As mentioned for glass wool, this absence of genotoxic
effects may be related to the small number of Stanton fibres (length > 8 µm; diameter
≤ 0.25 µm) present in these samples. No deoxyguanosine hydroxylation was detected
in a reticulum-cell sarcoma cell line (J774) exposed to a sample of refractory ceramic
fibres and no mutagenicity was detected at the Hprt or S1 locus in human–hamster
hybrid AL cells following exposure to RCF1. In this experiment, the total numbers of
fibres at the highest ineffective dose (20 or 40 µg/cm2) were 2 × 105 fibres and 4 × 105


fibres [according to the data provided in the paper]. As the percentage of Stanton fibres
is probably small, the cells in this study may have been exposed to an insufficient
number of effective fibres.


The refractory ceramic fibres RCF1, RCF2 and RCF3 caused DNA damage
(breakage and cross-links) in a human lung tumour epithelial cell line A549 (one dose
investigated). Micronucleus formation and structural and numerical chromosomal
aberrations were detected in human amniotic fluid cells and structural chromosomal
aberrations were noted in human embryonic lung cells.


All studies conducted on rodent alveolar macrophages and human polymorpho-
nuclear leukocytes exposed to refractory ceramic fibres demonstrated the production
of reactive oxygen species (Table 80). Results of the hydroxyl radical generation assay
were reported in two studies in which only one dose was tested (Table 81). The results
obtained with the DNA plasmid scission assay are inconclusive since both negative
and weakly positive effects have been reported.
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Table 77. Other effects of slag wool and rock (stone) wool in cultured cells


Test system Result Dosea Fibre typeb Reference


Lipid peroxidation, formation of malondialdehyde-DNA
  adducts, Salmonella typhimurium TA104


+ 40 µg/mL MMVF21 Howden & Faux
(1996b)


Production of reactive oxygen species, superoxide anion
  production, hydrogen peroxide production in guinea-pig
  alveolar macrophages


+ 200 µg/mL
(single dose)


RW1 rock (stone) wool
(slag wool, JFMRA)


Wang et al. (1999a)


Lipid peroxidation, rat lung RFL-6 fibroblasts + 2 µg/cm2 MMVF21 Howden & Faux
(1996b)


Superoxide anion production, rat alveolar macrophages
  (fibres either coated or not coated with rat IgG)


+c 3 million fibres
(single dose)


MMVF21 Donaldson et al.
(1995b)


Superoxide anion production, rat alveolar macrophages
  (fibres either coated or not coated with rat IgG)


+c 12.5 µg MMVF21 Hill et al. (1996)


Haemolysis, sheep erythrocytes + 2.5 mg/mL MMVF21; MMVF22 Luoto et al.( 1997)


Viability of rat alveolar macrophages in suspension
  (LDH release)


+ 1 mg/mL
(single dose)


MMVF21; MMVF22 Luoto et al. (1997)


Production of reactive oxygen species, human poly-
  morphonuclear leukocytes


+ 100 µg/ml MMVF21; MMVF22 Luoto et al. (1997)


Hydrogen peroxide production by human polymorphonuclear
  leukocytes


+ 200 µg/mL
(single dose)


Rockwool I; rockwool II Leanderson &
Tagesson (1992)


8-OH-dG formation (from dG added in the mixture) from
  polymorphonuclear leukocytes


+ 500 µg/mL Rockwool I; rockwool II Leanderson &
Tagesson (1992)


Production of reactive oxygen species (chemiluminescence)
  by human monocyte-derived macrophages


+ 5 × 105 fibres RW1 rock (stone) wool
(JFMRA)


Ohyama et al.
(2000)
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Table 77 (contd)


Test system Result Dosea Fibre typeb Reference


Production of reactive oxygen species (chemiluminescence)
  by human polymorphonuclear leukocytes


+ 500 µg/mL Rockwool 4; Rockwool 5;
Rockwool 6


Ruotsalainen et al.
(1999)


Manganese superoxide dismutase (MnSOD) mRNA
  induction, MnSOD enzyme activity induction, SV40-
  transformed human bronchial epithelial (BEAS 2B) cells


+ 2 µg/cm2 d Rockwool 115-4 Marks-Konczalik
et al. (1998)


LDH, lactate dehydrogenase; 8-OH-dG, 8-hydroxydeoxyguanosine; dG, deoxyguanosine
a Lowest effective dose or highest ineffective dose
b According to the authors
c Coated fibres were much more active than uncoated fibres.
d A decrease is observed at fibre concentrations ≥ 25 µg/cm2.
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Table 78. Other effects of slag wool and rock (stone) wool in vitro


Test system Result Dosea Fibre typeb Reference


Guanine hydroxylation + NR Rock (stone) wool Leanderson et al.
(1988)


Guanine hydroxylation in calf thymus DNA + 10 mg/mL (single dose) Rock (stone) wool Leanderson et al.
(1988)


Guanine hydroxylation (potentiation by hydrogen peroxide
  and FeCl2), calf thymus DNA and in dG solution


+ 10 mg/mL (single dose) Rock (stone) wool Leanderson et al.
(1989)


Guanine hydroxylation in calf thymus DNA and in dG
  solution


+ 10 mg/mL (single dose) Slag wool Leanderson et al.
(1989)


Plasmid ϕX174, scission of supercoiled DNA – 30.8 × 106 WHO fibres/mL
(single dose)


MMVF21; MMVF22 Donaldson et al.
(1995c)


Plasmid ϕX174, scission of supercoiled DNA – 61.7 × 106 WHO fibres/mL MMVF21; MMVF22 Gilmour et al.
(1995)


Plasmid ϕX174, scission of supercoiled DNA (+) NR MMVF21; MMVF22 Donaldson et al.
(1996)


Formation of 8-OH-dG, calf thymus DNA + 0.5 mg/mL MMVF21 Howden & Faux
(1996a)


Oxidative potential (ethylene formation from α-keto-γ-
  methiol butyric acid)


+ 4 mg/mL (single dose) MMVF13 Hippeli et al. (1997)


dG, deoxyguanosine; 8-OH-dG, 8-hydroxydeoxyguanosine; NR, not reported
a Lowest effective dose or highest ineffective dose
b According to the authors
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Table 79. Genetic and related effects of refractory ceramic fibres


Test system Result Dosea Fibre typeb Reference


Formation of malondialdehyde-DNA adducts (lipid peroxidation),
  Salmonella typhimurium TA104


+ 40 µg/mL (single dose) RCF1 Howden & Faux
(1996b)


Aneuploidy, Drosophila melanogaster, adult females + 25 mg/mL in feed
(single dose)


RCF1 (MTC);
RCF2 (MTC);
RCF3 (MTC);
RCF4 (MTC)


Osgood (1994)


Aneuploidy, Drosophila melanogaster, larvae + 250 mg/bottle
(single dose)


RCF1 (MTC);
RCF3 (MTC)


Osgood (1994)


Aneuploidy, Drosophila melanogaster, larvae – 250 mg/bottle
(single dose)


RCF2 (MTC);
RCF4 (MTC)


Osgood (1994)


8-OH-dG formation, mouse reticulum sarcoma (J774) cell line – 27 µg/cm2 Refractory ceramic
fibres


Murata-Kamiya et al.
(1997)


Formation of malondialdehyde-DNA adducts (lipid peroxidation),
  rat lung (RFL-6) fibroblasts


– 5 µg/cm2 RCF1 Howden & Faux
(1996b)


Gene mutation, human–hamster hybrid AL cells, HPRT locus – 40 µg/cm2 RCF1 (TIMA) Okayasu et al. (1999)


Gene mutation, human–hamster hybrid AL cells, S1 locus – 20 µg/cm2 RCF1 (TIMA) Okayasu et al. (1999)


Micronucleus formation and apoptosis, Syrian hamster embryo cells + 10 µg/cm2 Refractory ceramic
fibres


Dopp et al. (1995)


Nuclear abnormalities (micronucleus and polynucleus formation),
  Chinese hamster ovary (K1) cells


+ 5 µg/cm2 RCF1; RCF2;
RCF3; RCF4


Hart et al. (1992,
1994)


Anaphase/telophase abnormalities in rat pleural mesothelial cells – > 2.5 × 105 Stanton
fibres/cm2 (threshold
dose)c


RCF1; RCF3;
RCF4 (TIMA)


Yegles et al. (1995)
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Table 79 (contd)


Test system Result Dosea Fibre typeb Reference


Micronucleus formation, human amniotic fluid cells or Syrian hamster
  embryo cells


+ 0.5 µg/cm2 Refractory ceramic
fibres


Dopp et al. (1997);
Dopp & Schiffmann
(1998)


Chromosome breakage and hyperdiploidy, human amniotic fluid cells + 5.0 µg/cm2


(single dose)
Refractory ceramic
fibres


Dopp et al. (1997)


Induction of DNA breakage, DNA repair and DNA interstrand
  cross-linking, human lung epithelial tumour (A549) cell line


+ 40 µg/cm2


(single dose)
RF1, RF2, RF3
(JFMRA)


Wang et al. (1999b)


Chromosomal aberrations, human embryo lung cells + 1.0 µg/cm2 RF1, RF2, RF3
(JFMRA)


Wang et al. (1999b)


8-OH-dG, 8-hydroxydeoxyguanosine
a Lowest effective dose or highest ineffective dose
b According to the authors; MTC, Mountain Technical Center, Littleton, CO; TIMA, Thermal Insulation Manufacturers’ Association
c Defined according to Stanton’s criteria: length > 8 µm, diameter ≤ 0.25 µm (Stanton et al., 1977)


p
p
2
4
1
-
3
2
6
.
q
x
d
 
 
0
6
/
1
2
/
0
2
 
 
1
5
:
0
7
 
 
P
a
g
e
 
3
2
3







IA
RC M


O
N


O
G


RA
PH


S V
O


LU
M


E 81
324


Table 80. Other effects of refractory ceramic fibres in cultured cells


Test system Result Dosea Fibre typeb Reference


Superoxide production, rat alveolar macrophages (fibres
  either uncoated or coated with rat IgG)


+ 3 × 106 (single dose) RCF1 Donaldson et al.
(1995b)


Superoxide production, rat alveolar macrophages (fibres
  either uncoated or coated with rat IgG)


+ 125 µg RCF1 Hill et al. (1996)


Production of reactive oxygen species, human poly-
  morphonuclear leukocytes


+ 100 µg/mL RCF1, RCF2,
RCF3


Luoto et al. (1997)


Production of reactive oxygen species in human poly-
  morphonuclear leukocytes


+ 200 µg/mL RCF4 Luoto et al. (1997)


Production of reactive oxygen species, superoxide anion
  production, guinea-pig alveolar macrophages


+ 200 µg/mL (single dose) RF1, RF2, RF3
(JFMRA)


Wang et al. (1999a)


Reduction of cellular glutathione content, guinea-pig
  alveolar macrophages


+ 200 µg/mL (single dose) RF2 (JFMRA) Wang et al. (1999a)


Reduction of cellular glutathione content, guinea-pig
  alveolar macrophages


– 200 µg/mL (single dose) RF1, RF3 (JFMRA) Wang et al. (1999a)


Reduction of cellular glutathione content, rat alveolar
  macrophages


+ 8.24 × 106 fibres/mL
(single dose)


RCF1 Gilmour et al.
(1997)


Regulation of trancription factors (gel mobility shift assay)
  for activator protein-1, rat alveolar macrophages


+ 8.24 × 106 fibres/mL
(single dose)


RCF1 Gilmour et al.
(1997)


Regulation of trancription factors (gel mobility shift assay)
  for NFκB, rat alveolar macrophages


– 8.24 × 106 fibres/mL
(single dose)


RCF1 Gilmour et al.
(1997)


Hydrogen peroxide production, human polymorphonuclear
  leukocytes


+ 200 µg/mL (single dose) Refractory ceramic
fibre (Kerlane®)


Leanderson &
Tagesson (1992)


8-OH-dG formation (from dG added in the mixture), human
  polymorphonuclear leukocytes


+ 500 µg/mL Refractory ceramic
fibre (Kerlane®)


Leanderson &
Tagesson (1992)
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Table 80 (contd)


Test system Result Dosea Fibre typeb Reference


Production of reactive oxygen species (chemiluminescence),
  human polymorphonuclear leukocytes


+ 500 µg/mL Ceramic fibre 1;
ceramic fibre 7


Ruotsalainen et al.
(1999)


Production of reactive oxygen species, human monocyte-
  derived macrophages


+ 10 × 105 fibres RF1, RF2 (JFMRA) Ohyama et al.
(2000)


Production of reactive oxygen species, human monocyte-
  derived macrophages


+ 30 × 105 fibres RF3 (JFMRA) Ohyama et al.
(2000)


8-OH-dG, 8-hydroxydeoxyguanosine; dG, deoxyguanosine
a Lowest effective dose or highest ineffective dose
b According to the authors
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Table 81. Other effects of refractory ceramic fibres in vitro


Test system Result Dosea Fibre typeb Reference


Plasmid ϕX174, scission of supercoiled DNA – 30.8 × 106 WHO fibres/mL
(single dose)


RCF1, RCF2,
RCF3, RCF4


Donaldson et al. (1995c)


Plasmid ϕX174, scission of supercoiled DNA (+) 61.7 × 106 fibres/mL RCF1, RCF3,
RCF4


Gilmour et al. (1995)


Plasmid ϕX174, scission of supercoiled DNA – 61.7 × 106 fibres/mL (single dose) RCF2 Gilmour et al. (1995)


Plasmid ϕX174, scission of supercoiled DNA (+) NR RCF1, RCF2,
RCF3, RCF4


Donaldson et al. (1996)


Plasmid ϕX174, scission of supercoiled DNA + 46.5 × 106 fibres/mL (single dose) RCF1 Gilmour et al. (1997)


Plasmid ϕX174, scission of supercoiled DNA – 46.25 × 106 fibres/mL (single dose) RCF1, RCF4 Brown et al. (1998b)


Hydroxyl radical release in salicylate solution + 8.24 × 107 fibres/mL (single dose) RCF1 Brown et al. (1998b)


Hydroxyl radical release in salicylate solution – 8.24 × 107 fibres/mL (single dose) RCF4 Brown et al. (1998b)


NR, not reported
a Lowest effective dose and highest ineffective dose
b According to the authors
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5. Summary of Data Reported and Evaluation


5.1 Exposure data


Significant commercial production of man-made vitreous fibres began in the early
twentieth century. In 2001, it was estimated that over 9 million tonnes of man-made
vitreous fibres (MMVFs) were produced annually in over 100 factories around the
world. Most of the man-made vitreous fibre produced is used as thermal or acoustical
insulation. Usage for this purpose is divided about equally between glass wool
(~ 3 million tonnes, used predominantly in North America) and rock (stone) and slag
wool (~ 3 million tonnes, used predominantly in Europe and the rest of the world). In
recent years, high-alumina, low-silica wools (~ 1 million tonnes) have been increasingly
replacing rock (stone) and slag wools in this application. Special-purpose glass fibres are
limited-production, small-diameter fibre products that are typically used for purposes
other than insulation as in filtration media and batteries. Continuous glass filaments
(~ 2 million tonnes) are generally used in the reinforcement of plastics and in textiles.
Refractory ceramic fibres, first produced commercially in the 1950s, are widely used
(~ 150 thousand tonnes) in high-temperature applications such as furnace insulation. The
more recently developed alkaline earth silicate wools (~ 10 thousand tonnes) are
replacing refractory ceramic fibres in some applications.


Man-made vitreous fibre products can release airborne respirable fibres during their
production, use and removal. In general, as the nominal diameter of man-made vitreous
fibre products decreases, both the concentration of respirable fibres and the ratio of
respirable to total fibres increase. Although exposure to man-made vitreous fibres during
their production, processing and use is thought to have been higher in the past, current
average exposure levels are generally less than 0.5 respirable fibre/cm3 (500 000 respi-
rable fibres/m3) as an 8-h time-weighted average. Higher levels have been measured in
production of special-purpose glass fibres and refractory ceramic fibres, installation of
loose-fill insulation without binder, and removal of insulation products.


The concentrations of man-made vitreous fibres measured in outdoor and indoor air
in non-occupational settings have been found to be much lower than in occupational
settings related to their production, use or removal.
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5.2 Human carcinogenicity data


Two large cohort studies and case–control studies nested within these cohorts from
the USA and Europe provide most of the epidemiological evidence concerning
potential risk for respiratory and other cancers associated with occupational exposure
to glass wool, continuous glass filament and rock (stone)/slag wool during manufac-
ture. The United States cohort study included 16 plants, extended the follow-up to
1992 and expanded a previous cohort to include women and non-white workers. This
study included information on smoking habits and a new assessment of historical
workplace exposure to respirable fibres and several sources of co-exposure including
asbestos, formaldehyde and silica. The European cohort extended the follow-up to
1990 in 13 plants.


Glass wool


The findings of the United States cohort study provided no evidence of excess
mortality from all causes combined or from all cancers combined, using local rates. A
statistically significant 6% excess in respiratory cancer (primarily trachea, bronchus and
lung) mortality was observed. When analysis was restricted to long-term workers, the
excess was reduced and was no longer statistically significant. Adjustment for smoking
based on a random sample of workers suggests that smoking may account for the
excesses in respiratory cancer observed in the male glass fibre cohort (glass wool and
continuous glass filament combined). The standardized mortality ratios for respiratory
cancer were related neither to duration of employment among the total cohort or among
long-term workers nor to duration of exposure, cumulative exposure or average intensity
of exposure to respirable glass fibre (glass wool and continuous glass filament
combined). Analysis by product group showed a statistically significant excess of respi-
ratory cancer for all workers from plants grouped as ‘mostly glass wool’, but this excess
risk for the ‘mostly-glass-wool’ product group was reduced and no longer statistically
significant when the cohort was limited to long-term workers (≥ 5 years of employment).
There was no evidence of an excess of mesothelioma or non-respiratory cancers.


The case–control study of respiratory cancer nested within the United States cohort
enabled control of plant co-exposure and a more detailed control for confounding by
smoking. Duration of exposure, cumulative exposure, average intensity of exposure and
the time since first exposure to respirable glass fibre were not associated with an
increased risk for respiratory cancer. These results were not altered by using different
characterizations of categorized respirable fibre exposure or by alternative models for
continuous exposure data. 


The European cohort study of glass wool workers demonstrated an increased morta-
lity from lung cancer (trachea, bronchus and lung) but no trend with time since first hire
or duration of employment. One death from mesothelioma was observed in this cohort.
This study did not estimate fibre exposure, but used surrogate measures such as ‘techno-
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logical phase at first employment’. No information was available either on co-exposure
or on smoking habits. 


Continuous glass filament


Two of the plants of the United States cohort study manufactured only continuous
glass filament. For all workers and for long-term workers from these two plants, no evi-
dence of excess mortality from respiratory cancer was found when compared with local
rates. Adjustment for smoking had little effect on the standardized mortality ratio for
respiratory cancer. A nested case–control study that included adjustments for smoking
and co-exposure also provided no consistent evidence of excess mortality from respi-
ratory cancer. The exposure–response analyses that combined exposure to continuous
glass filament and to glass wool are reported in the section on glass wool. 


The European cohort study reported few data to evaluate cancer risks among
workers exposed to continuous glass filament. This study provided no convincing
evidence of an elevated risk for lung cancer.


Results were also available from two smaller cohort studies in the USA and Canada.
The United States cohort study on one continuous glass filament plant, which included
a nested case–control study, with information on smoking and co-exposure, provided no
consistent evidence of an excess risk for lung cancer. The Canadian cohort study of one
continuous glass filament plant did not include an assessment of smoking or co-expo-
sure. This study also provided no consistent evidence of an excess risk for lung cancer.


Rock (stone) and slag wool


The present evaluation relies mainly on cohort and nested case–control studies, in
which exposure to rock (stone) wool and exposure to slag wool were not considered
separately. 


The extended follow-up of the rock (stone)/slag wool cohort from the USA
indicated an overall elevated risk of respiratory cancer when either national or local
comparison rates were used. However, no association was found with duration of expo-
sure or with time since first exposure. Standardized mortality ratios were no longer
elevated when indirect adjustment for smoking was made. The nested case–control
study showed no association between respiratory cancer and estimated cumulative
exposure to respirable fibres, with or without adjustment for possible confounding by
smoking and other sources of occupational exposure. Another nested case–control
study partially overlapping with the study in the USA showed no increased risk for
respiratory cancer in association with exposure to slag wool. 


The extended follow-up of the European cohort study indicated an overall ele-
vated risk for lung cancer when national comparison rates were used. This study
showed an increasing risk with years since first exposure. The highest standardized
mortality ratio was found among workers with the longest time since first employment
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and among those first employed in the ‘early technological phase’, i.e. before the
introduction of oil and binders and use of the batch-processing method. However, in a
case–control study that included detailed information on exposure to fibres, individual
smoking habits and potential occupational confounders, no increased risk of lung
cancer with increasing fibre exposure was reported. 


The results from these studies provide no evidence of an increased risk for pleural
mesotheliomas or any other tumours.


Refractory ceramic fibres


Preliminary results from a United States epidemiological mortality study of refrac-
tory ceramic fibre workers were available. However, the limited epidemiological data
do not permit an adequate evaluation of the cancer risk associated with exposure to
refractory ceramic fibres.


Man-made vitreous fibres (not otherwise specified)


A number of studies did not separate exposure to glass wool from exposure to rock
(stone) and slag wool or other fibre types, or had limited ability to distinguish between
these different fibre types. Since much more information was available from epi-
demiological studies in the fibre production industries, no separate evaluation is made
for the studies of mixed exposure. The results of these studies were, however, taken
into consideration for the evaluation of the distinct fibre types.


A cohort study of Swedish wooden house industry workers exposed to man-made
vitreous fibres demonstrated a decreased risk for lung cancer and no positive trend in
standardized mortality ratios for lung cancer with duration of employment. An increased
risk for stomach cancer was found, but the risk did not increase with duration of
employment.


Two population-based case–control studies in Germany were combined in a pooled
analysis that suggested an association between lung cancer and occupational exposure
to man-made vitreous fibres. Odds ratios were adjusted for smoking and exposure to
asbestos, but exposure to man-made vitreous fibres and asbestos may not have been
separated well enough to rule out residual confounding as an explanation of the results.
A low response rate in one of the reference groups adds to the uncertainty of the validity
of this study.


A population-based case–control study from Canada found no association between
lung cancer and occupational exposure to glass wool or rock (stone) and slag wool.


A German case–control study suggested an association between mesothelioma and
exposure to man-made vitreous fibres adjusted for asbestos exposure. However,
several limitations constrain the interpretation of the reported results, particularly the
potential for misclassification of exposure to asbestos and man-made vitreous fibres
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and the small number of cases and controls classified as ever having been exposed to
man-made vitreous fibres without exposure to asbestos.


An increased risk for laryngeal and hypopharyngeal cancer in association with
exposure to man-made vitreous fibres was reported in a case–control study from
France, but this was an isolated finding not observed in other studies.


Conclusion


Results from the most recent cohort and nested case–control studies of United
States workers exposed to glass wool and continuous glass filament and of European
workers exposed to rock (stone) and slag wool have not provided consistent evidence
of an association between exposure to fibres and risk for lung cancer or mesothelioma.


These studies, like all epidemiological investigations, have limitations that must be
borne in mind when interpreting their results. Although the exposure assessment
methods used in these studies are far better than in most epidemiological studies, there
is still the potential for exposure misclassification. Notably these studies were not able
to examine fully the risks to workers exposed to more durable fibres. Information on
smoking and on the other potential confounders that were adjusted for in these studies
are also subject to measurement error, which may have influenced the validity of the
adjustments made for these factors. Underascertainment and misclassification of meso-
thelioma may also be a concern in these studies, which primarily relied upon death
certificate information. Finally, although these studies are very large by epidemiological
standards, their sensitivity may be limited by the fact that fibre exposure levels were low
for a large proportion of the study population.


Of some concern are risks for workers in industries that use or remove these
products (e.g. construction), who may have experienced higher, but perhaps more inter-
mittent, exposure to man-made vitreous fibres. The data available to evaluate cancer
risks from exposure to man-made vitreous fibres in these populations are very limited. 


Results on mortality among refractory ceramic fibre workers have also been
published since the previous IARC Monographs evaluation (1988). However, the
epidemiological evidence for refractory ceramic fibres is still extremely limited. Radio-
graphic evidence indicating pleural plaques has been reported for refractory ceramic
fibre workers. Although the prognostic significance of pleural plaques is unclear, such
plaques are also a common finding among asbestos-exposed workers. 


5.3 Animal carcinogenicity data


Continuous glass filament


In experiments in which three types of continuous glass filament of relatively large
diameter (> 3 µm) were administered intraperitoneally to rats, no significant increase
in tumour response was observed.
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Insulation glass wool


Insulation glass wools were tested in well-designed, long-term inhalation studies in
rats and hamsters. No significant increase in lung tumours and no mesotheliomas were
observed in rats and no lung tumours or mesotheliomas were observed in hamsters
exposed to insulation glass wool. Two different asbestos types used as positive controls
produced increases in lung tumours and mesotheliomas. 


Two insulation glass wools that produced no increase in tumours when admi-
nistered by inhalation did induce mesotheliomas when injected at high doses (approxi-
mately 109 fibres) into the peritoneal cavity of rats. 


Special-purpose glass fibres


A number of chronic inhalation studies of special-purpose glass fibres have been
conducted in rats, hamsters and guinea-pigs. Early inhalation studies demonstrated no
significant increases in lung tumours or mesotheliomas. In some of these studies,
asbestos did not induce tumours in the controls, which was probably related to use of
short fibres in the aerosols. More recent studies of special-purpose glass fibres, using
improved methods of fibre preparation and delivery, resulted in significant increases
in lung tumours and mesotheliomas in rats (E-glass fibre) and in a single meso-
thelioma in hamsters (‘475’ fibre). 


Many intraperitoneal studies of special-purpose glass fibres have been conducted,
most of which have examined the tumorigenic potential of two compositions of special-
purpose glass fibres (‘475’ and E-glass fibres) after injection or surgical implantation
of fibres at high doses (approximately 109 fibres) into the peritoneal cavity of rats. All
of these studies reported an increase in peritoneal tumours. 


Special-purpose glass fibres were tested by intratracheal instillation in two
experiments in rats and two in hamsters. A significant increase in lung tumours was
observed in one of the rat studies and increases in lung tumours and mesotheliomas
were observed in one of the hamster studies. The other two studies showed no increase
in either tumour type. 


Rock (stone) wool


In a well-designed, long-term inhalation study in which rats were exposed to rock
(stone) wool, no significant increase in lung tumour incidence and no mesotheliomas
were observed. Crocidolite asbestos was used as the positive control and led to high
lung tumour incidence and one mesothelioma. 


After intratracheal instillation of rock (stone) wool in two studies, no significant
increase in the incidence of lung tumours or mesotheliomas was found. Tremolite
asbestos was used as a positive control and induced lung tumours.


In several studies of intraperitoneal injection of high doses (approximately 109


fibres), rock (stone) wool induced a significant increase in mesothelioma incidence.
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The more biopersistent rock (stone) wool fibres produced a higher incidence of
tumours than fibres with lower biopersistence.


Slag wool


In a well-designed, long-term inhalation study of slag wool in rats, no statistically
significant increase in the incidence of lung tumours and no mesotheliomas were
observed. Crocidolite asbestos was used as a positive control and led to high lung
tumour incidence. In two intraperitoneal studies, a high dose (approximately 109 fibres)
of slag wool induced a statistically significant increase in the incidence of
mesotheliomas. 


Refractory ceramic fibres


In a well-designed, long-term inhalation study with refractory ceramic fibres in rats,
a statistically significant increase in the incidence of lung tumours and a few meso-
theliomas were observed. In a well-designed, long-term inhalation study of refractory
ceramic fibres in hamsters, a significant increase in the incidence of mesotheliomas was
observed.


After intratracheal instillation, two studies reported no excess in tumour incidence
in rats. In three intrapleural studies in rats, no significant increase in tumour incidence
was observed. In intraperitoneal studies in rats and hamsters, tumour incidence was
related to fibre length and dose. 


Newly developed wools 


Two newly developed, less biopersistent fibres (an alkaline earth silicate (X-607)
wool and a high-alumina, low-silica (HT) wool) have been tested in well-designed,
long-term inhalation studies in rats and produced no significant increase in the inci-
dence of lung tumours and no mesotheliomas.


In a study in rats of less biopersistent high-alumina, low-silica (HT) wool admi-
nistered by intraperitoneal injection at a high dose (approximately 109 fibres), no abdo-
minal tumours were observed. Four other less biopersistent fibres (A, C, F and G) have
been tested by intraperitoneal injection at a high dose (approximately 109 fibres) in rats
and produced no significant increase in the incidence of abdominal tumours.


One more biopersistent fibre type (H) was tested by intraperitoneal injection at a
high dose (approximately 109 fibres) in rats and produced abdominal tumours.
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5.4 Other relevant data


Deposition and retention


The deposition of inhaled fibres in the respiratory tract is mainly governed by their
aerodynamic behaviour, including deposition by impaction, sedimentation and inter-
ception. In addition, deposition by diffusional displacement is induced by Brownian
motion. Model calculations show that the respirability of fibres, i.e. their penetration to
the alveolar region, differs between rodents and humans. A larger fraction of inhaled
long fibres is deposited in the alveolar region of humans than in that of rats.


Chemical composition, fibre size and the deposited dose of fibres in the lung are
determinants of their retention kinetics. The main mechanisms of mechanical fibre
clearance include mucociliary movement in the nasopharyngeal and tracheobronchial
regions and alveolar macrophage phagocytosis in the alveolar region with subsequent
removal towards the mucociliary escalator. Macrophage-mediated clearance becomes
negligible for long fibres, i.e. fibres with lengths approaching 20 µm and longer, which
cannot be completely phagocytosed by alveolar macrophages. Alveolar macrophage-
mediated clearance is significantly slower in humans than in rats, with retention half-
times of several hundred days in humans and about 70 days in rats. In addition to these
mechanisms, chemical dissolution and leaching, as well as breakage, can occur. These
processes are important and lead to more rapid elimination of fibres deposited in the
respiratory tract, thereby lowering the potential for inducing long-term adverse effects.
Because the retention half-time due to mechanical clearance is much longer in humans
than in rats, higher fibre solubility reduces persistence more in the human lung than in
the rat lung.


Few data are available on retention of man-made vitreous fibres in human lungs.
In the one available study, the lung burden of man-made vitreous fibres did not differ
between workers in glass, rock (stone) and slag wool production compared between
themselves or with controls. The interpretation of this difference is limited by the long
delay between the end of exposure and sampling. In other studies, refractory ceramic
fibres, some with morphological or chemical alterations, have been recovered from the
lungs of both production workers and end-users.


Fibre biopersistence 


The biopersistence of fibres deposited in the respiratory tract results from a combi-
nation of physiological clearance processes (mechanical translocation/removal) and
physico-chemical processes (chemical dissolution and leaching, mechanical breaking).
Long and short fibres differ in the way in which their elimination from the respiratory
tract is affected by each of these mechanisms. Short fibres are taken up by macrophages
and subjected to chemical dissolution/leaching within an acidic milieu while at the
same time they are actively removed by these phagocytic cells. In contrast, long fibres
which can be incompletely phagocytosed by several macrophages are not efficiently
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removed by physical translocation but may be subjected to chemical disso-
lution/leaching at variable pH. Since long fibres are most potent with respect to
carcinogenicity, the focus of an animal biopersistence assay is on long-fibre retention
kinetics in the lung. A number of studies in rats have suggested a correlation between
the biopersistence of long fibres (> 20 µm) and their pathogenicity with respect to lung
fibrosis and thoracic tumours. 


In-vitro dissolution


The physico-chemical mechanisms whereby fibres may degrade in the lung have
been examined in a variety of cell-free systems. The basic process by which dissolution
of man-made vitreous fibres occurs is via attack of water molecules on the surface of
fibres leading to dissolution and subsequent disruption of the fibre structure. The disso-
lution rate of any fibre is determined primarily by its composition. The most informative
studies employ flow-through systems using balanced salt solutions at physiological pHs
likely to be encountered in the intrapulmonary environment. The results from such
studies have shown correlations with rates of removal of long fibres from the lung in
short-term biopersistence assays. While considerable variation occurs between labo-
ratories, the rank order of the durability of tested fibres is generally consistent. 


The experimental dissolution rates of tested fibres have been reported to span over
five orders of magnitude. Such a range may predict that fibres could persist in lung
tissue from a few days to several years. 


In-vitro studies of man-made vitreous fibres using cell culture techniques allow
estimation of dissolution of fibres in the presence of lung cells. These studies provide
information on the joint effects of cells and fluid on different types of man-made
vitreous fibre that is helpful in comparing the dissolution rates of a given fibre and then
assessing the rank order of the relative dissolution of different man-made vitreous
fibres. The results of these studies are consistent with those of studies on the solubility
of man-made vitreous fibres in cell-free systems. 


Toxic effects in humans


With the exception of a single rock (stone)/slag wool plant in the United States
cohort study which had a documented history of asbestos use, none of the mortality
studies demonstrated a significant risk for non-malignant respiratory diseases. No
mortality data were available on workers exposed to refractory ceramic fibres.


No convincing data for an excess of small parenchymal opacities in chest radio-
graphs compatible with pneumoconiosis have been published. No pleural changes
related to any glass fibre type or to rock (stone)/slag wool have been observed.
However, an excess of pleural changes, particularly pleural plaques, has consistently
been demonstrated in the cohorts of workers in the USA and Europe involved in the
production of refractory ceramic fibres. 
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No indications of a significant excess of respiratory symptoms or of a significant
decrease in lung function have been reported for glass fibre workers. The results for rock
(stone) wool workers are more conflicting due to a possible interaction between fibre
exposure and smoking. In contrast, a small exposure-related effect has been observed in
the cohorts of workers involved in the production of refractory ceramic fibres in both the
USA and Europe.


A few well-designed studies have supported previous findings of mechanical
irritative effects on the skin, eyes and upper respiratory tract associated with coarse
fibres.


Low levels of exposure were estimated in most production worker cohorts. With
similar low cumulative exposure to asbestos, lung fibrosis would not have been detected
in epidemiological studies using standard chest radiography. Limited interpretable data
are available from end-users (particularly workers involved in the removal or modifi-
cation of materials containing man-made vitreous fibres). 


Toxic effects in experimental systems


The most important end-points that have been associated with exposure to man-
made vitreous fibres include chronic persistent inflammation, fibrosis and cell proli-
feration in the lungs and mesothelial lining. In general, for a range of man-made vitreous
fibres, the data support the contention that long, biopersistent fibres cause prolonged
inflammation and fibrosis. Although mechanistically they are not conclusively linked,
pulmonary and occasionally pleural fibrosis is found with conditions of exposure to
man-made vitreous fibres that are carcinogenic in laboratory animals. 


Because biopersistence is believed to be an important factor in the toxicity of man-
made vitreous fibres, there are limitations inherent in short-term in-vitro assays of
fibre toxicity.


Effect on gene expression


Mutation and/or activation of proto-oncogenes, inhibition of tumour suppressor
genes and activation of transcription factors controlling the production of inflammatory
cytokines and growth factors have been proposed to play a role in asbestos-induced
carcinogenesis. The evidence indicates that glass fibres enter cells and cause genetic
modification by physically interfering with chromosomal segregation during mitosis.
Glass fibres also generate oxidants and/or mobilize intracellular calcium to activate
signalling pathways controlling transcription factor activity. This interaction of glass
fibres or refractory ceramic fibres with cells has been reported to induce proto-onco-
genes, activate transcription factors, increase tumour necrosis factor α production,
induce cell transformation and enhance cell growth. The potency of glass fibres is gene-
rally lower than that of asbestos on a per unit mass basis.
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Several caveats can be raised about these in-vitro studies: (i) these assays are short-
term and do not address issues related to fibre dissolution or biopersistence; and
(ii) relatively high levels of man-made vitreous fibres on a mass basis have been
studied, and the relevance to in-vivo exposure levels is questionable. 


Genetic effects


Genotoxic effects of man-made vitreous fibres have been demonstrated in several
cultured cell types, including human cells, and in cell-free assays. Many glass wool
samples have been found to produce DNA damage, chromosomal aberrations, nuclear
abnormalities and cell transformation. The effects were observed to depend on fibre
dimensions, with long fibres being more active than shorter fibres. A few rock (stone)
wool and slag wool samples have been investigated. Both DNA damage and chromo-
somal and nuclear aberrations have been observed, as well as mutations in bacterial test
systems. The studies on refractory ceramic fibres have so far mostly been limited to the
RCF1, 2, 3 and 4 samples and, to a lesser extent, to Japanese standard reference samples.
Findings were similar to those with rock (stone) and slag wool.


The occurrence of mutations and some forms of DNA/chromosomal damage may
be related to the production of activated oxygen species which have been detected in
cell-free systems and in cells exposed to man-made vitreous fibres. Chromosomal and
nuclear abnormalities may also be related to the impairment of cell division by the
fibres. While reactive oxygen species are produced by either non-fibrous or fibrous
particles, cell cycle-associated chromosomal and nuclear abnormalities appear to be a
specific response to exposure to fibres. Despite the fact that in-vitro assessment of
genetic effects does not address issues related to fibre dissolution or biopersistence,
these assays can determine whether a fibre has the potential to be directly genotoxic.


A major gap in the current database is the absence of any studies that correlate
genotoxic end-points with the pathogenic effects of man-made vitreous fibres in the
same experimental animal system.


Mechanistic considerations


Man-made vitreous fibres deposit in the lungs where they are phagocytosed by
macrophages, either completely or incompletely, depending on fibre length. Incomplete
phagocytosis is a potent pro-inflammatory stimulus for the release of a cascade of
mediators and reactive oxygen and nitrogen species, leading to genotoxicity and proli-
feration of lung cells. In vitro, the direct entry of fibres into cells followed by, or asso-
ciated with, cell division can produce chromosomal/nuclear abnormalities and genetic
changes which may lead to cell transformation and dysregulated proliferation. Animal
studies have shown a range of severity of inflammation and fibrosis which has been
related to more biopersistent fibres in the lungs. There is a consistent relationship
between persistent inflammation, fibrosis and tumour development in animal models.
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Refractory ceramic fibres, unlike other man-made vitreous fibres, have the ability to
induce pleural plaques in humans. Although pleural plaques in themselves are probably
not directly related to cancer development, either in the pleura or the lung, concern over
potential carcinogenic effects in the pleura seems valid for refractory ceramic fibres, in
view of the ability of asbestos to induce both plaques and pleural cancer.


5.5 Evaluation1


There is inadequate evidence in humans for the carcinogenicity of glass wool.
There is inadequate evidence in humans for the carcinogenicity of continuous


glass filament.
There is inadequate evidence in humans for the carcinogenicity of rock (stone)


wool/slag wool.
There is inadequate evidence in humans for the carcinogenicity of refractory


ceramic fibres.
There is sufficient evidence in experimental animals for the carcinogenicity of


special-purpose glass fibres including E-glass and ‘475’ glass fibres.
There is sufficient evidence in experimental animals for the carcinogenicity of


refractory ceramic fibres.
There is limited evidence in experimental animals for the carcinogenicity of


insulation glass wool.
There is limited evidence in experimental animals for the carcinogenicity of rock


(stone) wool.
There is limited evidence in experimental animals for the carcinogenicity of slag


wool.
There is limited evidence in experimental animals for the carcinogenicity of


certain newly developed, more biopersistent fibres including fibre H.
There is inadequate evidence in experimental animals for the carcinogenicity of


continuous glass filament.
There is inadequate evidence in experimental animals for the carcinogenicity of


certain newly developed, less biopersistent fibres including the alkaline earth silicate
(X-607) wool, the high-alumina, low-silica (HT) wool and fibres A, C, F and G.
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Overall evaluation


Special-purpose glass fibres such as E-glass and ‘475’ glass fibres are possibly
carcinogenic to humans (Group 2B).


Refractory ceramic fibres are possibly carcinogenic to humans (Group 2B).
Insulation glass wool, continuous glass filament, rock (stone) wool and slag wool


are not classifiable as to their carcinogenicity to humans (Group 3).
The Working Group elected not to make an overall evaluation of the newly deve-


loped fibres designed to be less biopersistent such as the alkaline earth silicate or high-
alumina, low-silica wools. This decision was made in part because no human data were
available, although such fibres that have been tested appear to have low carcinogenic
potential in experimental animals, and because the Working Group had difficulty in
categorizing these fibres into meaningful groups based on chemical composition.
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LIST OF ABBREVIATIONS USED IN THIS VOLUME


ACGIH: American Conference of Governmental Industrial Hygienists
AES: alkaline earth silicate
AI: alveolar–interstitial (region)
APFE: European Glass Fibre Producers Association
AR: alkali-resistant 
ASTM: American Society for Testing and Materials
ATF: activating transcription factor
B fibre: Bayer fibre
BEA: bronchitis, emphysema and asthma
CARE: control and reduce exposure
CEN: Comité européen de Normalisation (European Committee of


Standardization)
Chrome: chromium oxides
CIIT: Chemical Industry Institute of Toxicology
CVF: colloidal and vacuum formed
D: diameter
ECA: Everest Consulting Associates
ECFIA: European Ceramic Fibre Industries Association
EDXA: energy dispersive X-ray diffraction analysis
E-glass: electrical glass (i.e. developed for electrical applications)
EIPPCB: European Integrated Pollution Prevention and Control Bureau
ERK: extracellular signal-regulated kinase
ERM: Environmental Resources Management
ET: extrathoracic
EU: European Union
EURIMA: European Insulation Manufacturers’ Association
FARIMA: Fiberglass and Rockwool Insulation Manufacturers’ Association


of Australia
FEV1: forced expiratory volume in 1 s
FVC: forced vital capacity
GM: geometric mean
GMD: geometric mean diameter
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GML: geometric mean length
GSD: geometric standard deviation
HEPA: high-efficiency particulate air
HID: highest ineffective dose
HSPP: Health and Safety Partnership Program
HT: high-alumina, low-silica wool
ICRP: International Committee on Radiological Protection
IgG: immunoglobulin G
ILO: International Labour Office (of the International Labour Organization)
ILSI: International Life Sciences Institute
INRS: Institut national de Recherche et Sécurité
INSERM: Institut national de la Santé et de la Recherche médicale
IPF: idiopathic pulmonary fibrosis
ISO: International Organization for Standardization
JM Fibre: Johns Manville fibre
JNK: Jun N-terminal kinase
kdis: dissolution constant
L: length
LED: lowest effective dose
LR: local rate
MAPK: mitogen-activated protein kinases
Met: mesothelial
MMAD: mass median aerodynamic diameter
MMMF: man-made mineral fibre
MMVF: man-made vitreous fibre
NAIMA: North American Insulation Manufacturers’ Association
NF: nuclear factor
NIOSH: National Institute for Occupational Safety and Health
NMRD: non-malignant respiratory disease 
NOHSC: National Occupational Health and Safety Commission of Australia
NR: national rate
NRC: National Research Council (USA)
8-OH-dG: 8-hydroxydeoxyguanosine
OSHA: Occupational Safety and Health Administration (USA)
P & CAM: physical and chemical analytical method
PAH: polycyclic aromatic hydrocarbons
PCOM: phase-contrast optical microscopy
PLM: polarized light microscopy
PSP: Product Stewardship Program
R: retained
RCF: refractory ceramic fibre
RCFC: Refractory Ceramic Fiber Coalition (USA)
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RH: Rheinstahl (slag wool)
RRF: respiratory response function
SD: standard deviation
SEM: scanning electron microscopy
SIR: standardized incidence ratio
SMR: standardized mortality ratio
TB: tracheobronchial
TEM: transmission electron microscopy
TG: transcription factor
TGF: tumour growth factor
TIMA: Thermal Insulation Manufacturers’ Association (USA)
TNF: tumour necrosis factor
TPC: total pulmonary capacity
TRGS: Technische Regeln für Gefahrstoffe
TWA: time-weighted average 
UICC: Union internationale contre le Cancer (International union against cancer)
VDI: Verein Deutscher Ingenieure
WHO fibre: see Glossary
WT½: weighted lung retention half-time
ZI: Zimmermann (slag wool)
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GLOSSARY


Aerodynamic diameter: the diameter of a sphere with the density 1 (1 g/cm3) which
sediments at the same rate as the particle in still or laminarly flowing air. This
definition also applies for fibrous particles.


Aspect ratio: the ratio of length:diameter of a fibre (see Fibre, for definition)
Binder: a substance that glues otherwise loose fibres together so that the product can


be shaped. It is usually a phenol–formaldehyde or urea–formaldehyde resin.
Biopersistence: the ability of a fibre to remain in the lung. Biopersistence is a function


of the solubility of the fibre in the lung, and the biological ability of the lung to
clear the fibre from the lung.


Breathing zone: a person’s breathing zone is described by a hemisphere of 300 mm
radius extending in front of the face and measured from the midpoint of an imagi-
nary line joining the ears.


Ceramic fibre: see Refractory ceramic fibre
Clearance rate: the rate at which deposited particles are removed by various processes


from the respiratory tract. (This depends on both the physical and chemical charac-
teristics of the fibre.)


Continuous glass filament: an extruded filament usually having a relatively large
diameter, greater than 6 µm, and a very narrow range of diameter distribution.
Typically formed from a glass melt


Fibre: a particle with a length to width ratio of at least 3:1
Fibre glass: see Glass fibre
Gamble’s solution: a complex salt solution designed to mimic the salt balance of


extracellular fluid
Geometric diameter: the geometric diameter of a spherical particle multiplied by the


square root of the specific density of the material gives the aerodynamic diameter.
For a non-spherical particle a shape factor also needs to be considered.


Glass fibre: may refer to reinforcing glass filament, glass wool or superfine glass
fibre.


Glass filament: see Continuous glass filament
Glass wool: a fibrous product formed by either blowing or spinning a molten mass of


glass. The resultant fibres are collected as a tangled mat of fibrous product.
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HT (rock) stone wool: a recently developed high-alumina, low-silica wool
Inhalability: ratio of the particle (fibre) concentration in the inhaled air to that in the


ambient air. (The inhalable fraction of an aerosol consists of particles than can enter
nose or mouth upon inhalation.)


Intercept method: diameter is measured in proportion to fibre length (length-weighted
diameter).


Kaolin: naturally occurring mineral (china clay) composed mainly of alumina and
silica


kdis: the dissolution constant of a glass fibre, being the rate at which it dissolves in vitro
in a salt solution such as Gamble’s solution (the unit is ng/cm2/h).


Mineral wool: may refer to either slag wool or rock (stone) wool depending on the
raw material from which it is produced.


NIOSH fibre: length greater than 5 µm, diameter less than 3 µm, length:diameter ratio
5:1


Nominal diameter: is the median diameter to which the fibrous product is manu-
factured. It may be thought of as the diameter at the midpoint of a long fibre created
by joining all the fibres in a sample together in order of increasing thickness.


Personal sample: a sample taken within the breathing zone of the worker
Refractory: resistant to heat
Refractory ceramic fibre: amorphous, glassy, predominantly alumino-silicate


products created from molten masses of either alumina and silica or naturally
occurring kaolin clays


Respirability: ratio of airborne particles (fibres) penetrating to the alveolar region of
the lung to that in the ambient air


Respirable fibre: a particle with a diameter less than 3 µm and length greater than
5 µm and with a length to width ratio of greater than 3:1. These fibres can reach
the deepest part of the lung.


Retention half-time T1/2: time by which 50% of the amount of the fibres in the lungs
has been eliminated by a monoexponential function


Rock (stone) wool: a fibrous product manufactured by a process of blowing or spinning
from a molten mass of rock. The resultant fibres are collected as a tangled mass of
fibrous product.


Shards: particles of respirable dust (from highly chopped and pulverized continuous
glass filament) with aspect ratios equal to or greater than 3:1


Shot: some wool fibre formation processes can produce numerous large, rounded
particles approximately 60 µm or larger in diameter. These are known as shot.


Size: see Binder
Slag wool: a fibrous product manufactured by a process of blowing or spinning from


a molten mass of metallurgical furnace slag
Stanton fibres: fibres with length > 8 µm and diameter ≤ 0.25 µm
Static sample: a sample taken at a fixed location, commonly between 1 m and 2 m


above floor level
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Superfine fibre: an extremely fine fibre with a diameter less than 1 µm, usually made
of glass for specialist applications


Time-weighted average (TWA) concentration: the concentration of a contaminant
that has been weighted for the time duration of the sample. High exposure of short
sample duration does not ‘weigh’ as heavily in the calculation as do moderate
levels for extended periods.


Wagner scale: a scale for assessing the extent of inflammation and fibrosis in the
lungs of rats exposed to particles or fibres


Weighted lung retention half-time: sum of the product of each halftime of a double
exponential retention curve weighted by the coefficient of each exponential
expressed in days


WHO fibres: any particle that has a length greater than 5 µm, a fibre diameter less
than 3 µm and a length:diameter ratio larger than 3:1
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SUPPLEMENTARY CORRIGENDUM TO VOLUMES 1–80


Volume 68


p. 42, table 1: move two last lines of this table
‘Flux-calcined 68855-54-9
diatomaceous earth’ 
under Crystalline silica after Tridymite
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CUMULATIVE CROSS INDEX TO IARC MONOGRAPHS ON
THE EVALUATION OF CARCINOGENIC RISKS TO HUMANS


The volume, page and year of publication are given. References to corrigenda are
given in parentheses.


A


A-α-C 40, 245 (1986); Suppl. 7, 56 (1987)
Acetaldehyde 36, 101 (1985) (corr. 42, 263); 


Suppl. 7, 77 (1987); 71, 319 (1999)
Acetaldehyde formylmethylhydrazone (see Gyromitrin)
Acetamide 7, 197 (1974); Suppl. 7, 56, 389


(1987); 71, 1211 (1999)
Acetaminophen (see Paracetamol)
Aciclovir 76, 47 (2000)
Acridine orange 16, 145 (1978); Suppl. 7, 56 (1987)
Acriflavinium chloride 13, 31 (1977); Suppl. 7, 56 (1987)
Acrolein 19, 479 (1979); 36, 133 (1985); 


Suppl. 7, 78 (1987); 63, 337 (1995) 
(corr. 65, 549)


Acrylamide 39, 41 (1986); Suppl. 7, 56 (1987);
60, 389 (1994)


Acrylic acid 19, 47 (1979); Suppl. 7, 56 (1987);
71, 1223 (1999)


Acrylic fibres 19, 86 (1979); Suppl. 7, 56 (1987)
Acrylonitrile 19, 73 (1979); Suppl. 7, 79 (1987);


71, 43 (1999)
Acrylonitrile-butadiene-styrene copolymers 19, 91 (1979); Suppl. 7, 56 (1987)
Actinolite (see Asbestos)
Actinomycin D (see also Actinomycins) Suppl. 7, 80 (1987)
Actinomycins 10, 29 (1976) (corr. 42, 255)
Adriamycin 10, 43 (1976); Suppl. 7, 82 (1987)
AF-2 31, 47 (1983); Suppl. 7, 56 (1987)
Aflatoxins 1, 145 (1972) (corr. 42, 251);


10, 51 (1976); Suppl. 7, 83 (1987);
56, 245 (1993) 


Aflatoxin B1 (see Aflatoxins)
Aflatoxin B2 (see Aflatoxins)
Aflatoxin G1 (see Aflatoxins)
Aflatoxin G2 (see Aflatoxins)
Aflatoxin M1 (see Aflatoxins)
Agaritine 31, 63 (1983); Suppl. 7, 56 (1987)
Alcohol drinking 44 (1988)
Aldicarb 53, 93 (1991)
Aldrin 5, 25 (1974); Suppl. 7, 88 (1987)
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Allyl chloride 36, 39 (1985); Suppl. 7, 56 (1987);
71, 1231 (1999)


Allyl isothiocyanate 36, 55 (1985); Suppl. 7, 56 (1987);
73, 37 (1999)


Allyl isovalerate 36, 69 (1985); Suppl. 7, 56 (1987);
71, 1241 (1999)


Aluminium production 34, 37 (1984); Suppl. 7, 89 (1987)
Amaranth 8, 41 (1975); Suppl. 7, 56 (1987)
5-Aminoacenaphthene 16, 243 (1978); Suppl. 7, 56 (1987)
2-Aminoanthraquinone 27, 191 (1982); Suppl. 7, 56 (1987)
para-Aminoazobenzene 8, 53 (1975); Suppl. 7, 56, 390


(1987)
ortho-Aminoazotoluene 8, 61 (1975) (corr. 42, 254);


Suppl. 7, 56 (1987)
para-Aminobenzoic acid 16, 249 (1978); Suppl. 7, 56 (1987)
4-Aminobiphenyl 1, 74 (1972) (corr. 42, 251);


Suppl. 7, 91 (1987)
2-Amino-3,4-dimethylimidazo[4,5-f]quinoline (see MeIQ)
2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline (see MeIQx)
3-Amino-1,4-dimethyl-5H-pyrido[4,3-b]indole (see Trp-P-1)
2-Aminodipyrido[1,2-a:3′,2′-d]imidazole (see Glu-P-2)
1-Amino-2-methylanthraquinone 27, 199 (1982); Suppl. 7, 57 (1987)
2-Amino-3-methylimidazo[4,5-f]quinoline (see IQ)
2-Amino-6-methyldipyrido[1,2-a:3′,2′-d]imidazole (see Glu-P-1)
2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (see PhIP)
2-Amino-3-methyl-9H-pyrido[2,3-b]indole (see MeA-α-C)
3-Amino-1-methyl-5H-pyrido[4,3-b]indole (see Trp-P-2)
2-Amino-5-(5-nitro-2-furyl)-1,3,4-thiadiazole 7, 143 (1974); Suppl. 7, 57 (1987)
2-Amino-4-nitrophenol 57, 167 (1993)
2-Amino-5-nitrophenol 57, 177 (1993) 
4-Amino-2-nitrophenol 16, 43 (1978); Suppl. 7, 57 (1987)
2-Amino-5-nitrothiazole 31, 71 (1983); Suppl. 7, 57 (1987)
2-Amino-9H-pyrido[2,3-b]indole (see A-α-C)
11-Aminoundecanoic acid 39, 239 (1986); Suppl. 7, 57 (1987)
Amitrole 7, 31 (1974); 41, 293 (1986) (corr.


52, 513; Suppl. 7, 92 (1987);
79, 381 (2001)


Ammonium potassium selenide (see Selenium and selenium compounds)
Amorphous silica (see also Silica) 42, 39 (1987); Suppl. 7, 341 (1987);


68, 41 (1997) (corr. 81, 383)
Amosite (see Asbestos)
Ampicillin 50, 153 (1990)
Amsacrine 76, 317 (2000)
Anabolic steroids (see Androgenic (anabolic) steroids)
Anaesthetics, volatile 11, 285 (1976); Suppl. 7, 93 (1987)
Analgesic mixtures containing phenacetin (see also Phenacetin) Suppl. 7, 310 (1987)
Androgenic (anabolic) steroids Suppl. 7, 96 (1987)
Angelicin and some synthetic derivatives (see also Angelicins) 40, 291 (1986)
Angelicin plus ultraviolet radiation (see also Angelicin and some Suppl. 7, 57 (1987)


synthetic derivatives)
Angelicins Suppl. 7, 57 (1987)
Aniline 4, 27 (1974) (corr. 42, 252);


27, 39 (1982); Suppl. 7, 99 (1987)
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ortho-Anisidine 27, 63 (1982); Suppl. 7, 57 (1987);
73, 49 (1999)


para-Anisidine 27, 65 (1982); Suppl. 7, 57 (1987)
Anthanthrene 32, 95 (1983); Suppl. 7, 57 (1987)
Anthophyllite (see Asbestos)
Anthracene 32, 105 (1983); Suppl. 7, 57 (1987)
Anthranilic acid 16, 265 (1978); Suppl. 7, 57 (1987)
Antimony trioxide 47, 291 (1989)
Antimony trisulfide 47, 291 (1989)
ANTU (see 1-Naphthylthiourea)
Apholate 9, 31 (1975); Suppl. 7, 57 (1987)
para-Aramid fibrils 68, 409 (1997)
Aramite 5, 39 (1974); Suppl. 7, 57 (1987)
Areca nut (see Betel quid)
Arsanilic acid (see Arsenic and arsenic compounds)
Arsenic and arsenic compounds 1, 41 (1972); 2, 48 (1973);


23, 39 (1980); Suppl. 7, 100 (1987)
Arsenic pentoxide (see Arsenic and arsenic compounds)
Arsenic sulfide (see Arsenic and arsenic compounds)
Arsenic trioxide (see Arsenic and arsenic compounds)
Arsine (see Arsenic and arsenic compounds)
Asbestos 2, 17 (1973) (corr. 42, 252);


14 (1977) (corr. 42, 256); Suppl. 7,
106 (1987) (corr. 45, 283)


Atrazine 53, 441 (1991); 73, 59 (1999)
Attapulgite (see Palygorskite)
Auramine (technical-grade) 1, 69 (1972) (corr. 42, 251);


Suppl. 7, 118 (1987)
Auramine, manufacture of (see also Auramine, technical-grade) Suppl. 7, 118 (1987)
Aurothioglucose 13, 39 (1977); Suppl. 7, 57 (1987)
Azacitidine 26, 37 (1981); Suppl. 7, 57 (1987);


50, 47 (1990)
5-Azacytidine (see Azacitidine)
Azaserine 10, 73 (1976) (corr. 42, 255);


Suppl. 7, 57 (1987)
Azathioprine 26, 47 (1981); Suppl. 7, 119 (1987)
Aziridine 9, 37 (1975); Suppl. 7, 58 (1987);


71, 337 (1999)
2-(1-Aziridinyl)ethanol 9, 47 (1975); Suppl. 7, 58 (1987)
Aziridyl benzoquinone 9, 51 (1975); Suppl. 7, 58 (1987)
Azobenzene 8, 75 (1975); Suppl. 7, 58 (1987)
AZT (see Zidovudine)


B


Barium chromate (see Chromium and chromium compounds)
Basic chromic sulfate (see Chromium and chromium compounds)
BCNU (see Bischloroethyl nitrosourea)
Benz[a]acridine 32, 123 (1983); Suppl. 7, 58 (1987)
Benz[c]acridine 3, 241 (1973); 32, 129 (1983);


Suppl. 7, 58 (1987)
Benzal chloride (see also α-Chlorinated toluenes and benzoyl chloride) 29, 65 (1982); Suppl. 7, 148 (1987);


71, 453 (1999)


CUMULATIVE INDEX 387


pp385-418.qxd  06/12/02  15:13  Page 387







Benz[a]anthracene 3, 45 (1973); 32, 135 (1983);
Suppl. 7, 58 (1987)


Benzene 7, 203 (1974) (corr. 42, 254); 29, 
93, 391 (1982); Suppl. 7, 120 
(1987) 


Benzidine 1, 80 (1972); 29, 149, 391 (1982);
Suppl. 7, 123 (1987)


Benzidine-based dyes Suppl. 7, 125 (1987)
Benzo[b]fluoranthene 3, 69 (1973); 32, 147 (1983);


Suppl. 7, 58 (1987)
Benzo[j]fluoranthene 3, 82 (1973); 32, 155 (1983);


Suppl. 7, 58 (1987)
Benzo[k]fluoranthene 32, 163 (1983); Suppl. 7, 58 (1987)
Benzo[ghi]fluoranthene 32, 171 (1983); Suppl. 7, 58 (1987)
Benzo[a]fluorene 32, 177 (1983); Suppl. 7, 58 (1987)
Benzo[b]fluorene 32, 183 (1983); Suppl. 7, 58 (1987)
Benzo[c]fluorene 32, 189 (1983); Suppl. 7, 58 (1987)
Benzofuran 63, 431 (1995)
Benzo[ghi]perylene 32, 195 (1983); Suppl. 7, 58 (1987)
Benzo[c]phenanthrene 32, 205 (1983); Suppl. 7, 58 (1987)
Benzo[a]pyrene 3, 91 (1973); 32, 211 (1983)


(corr. 68, 477); Suppl. 7, 58 (1987)
Benzo[e]pyrene 3, 137 (1973); 32, 225 (1983);


Suppl. 7, 58 (1987)
1,4-Benzoquinone (see para-Quinone)
1,4-Benzoquinone dioxime 29, 185 (1982); Suppl. 7, 58 (1987);


71, 1251 (1999)
Benzotrichloride (see also α-Chlorinated toluenes and benzoyl chloride) 29, 73 (1982); Suppl. 7, 148 (1987);


71, 453 (1999)
Benzoyl chloride (see also α-Chlorinated toluenes and benzoyl chloride) 29, 83 (1982) (corr. 42, 261);


Suppl. 7, 126 (1987); 71, 453 (1999)
Benzoyl peroxide 36, 267 (1985); Suppl. 7, 58 (1987);


71, 345 (1999)
Benzyl acetate 40, 109 (1986); Suppl. 7, 58 (1987);


71, 1255 (1999)
Benzyl chloride (see also α-Chlorinated toluenes and benzoyl chloride) 11, 217 (1976) (corr. 42, 256); 29, 


49 (1982); Suppl. 7, 148 (1987);
71, 453 (1999)


Benzyl violet 4B 16, 153 (1978); Suppl. 7, 58 (1987)
Bertrandite (see Beryllium and beryllium compounds)
Beryllium and beryllium compounds 1, 17 (1972); 23, 143 (1980)


(corr. 42, 260); Suppl. 7, 127
(1987); 58, 41 (1993)


Beryllium acetate (see Beryllium and beryllium compounds)
Beryllium acetate, basic (see Beryllium and beryllium compounds)
Beryllium-aluminium alloy (see Beryllium and beryllium compounds)
Beryllium carbonate (see Beryllium and beryllium compounds)
Beryllium chloride (see Beryllium and beryllium compounds)
Beryllium-copper alloy (see Beryllium and beryllium compounds)
Beryllium-copper-cobalt alloy (see Beryllium and beryllium compounds)
Beryllium fluoride (see Beryllium and beryllium compounds)
Beryllium hydroxide (see Beryllium and beryllium compounds)
Beryllium-nickel alloy (see Beryllium and beryllium compounds)
Beryllium oxide (see Beryllium and beryllium compounds)
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Beryllium phosphate (see Beryllium and beryllium compounds)
Beryllium silicate (see Beryllium and beryllium compounds)
Beryllium sulfate (see Beryllium and beryllium compounds)
Beryl ore (see Beryllium and beryllium compounds)
Betel quid 37, 141 (1985); Suppl. 7, 128


(1987)
Betel-quid chewing (see Betel quid)
BHA (see Butylated hydroxyanisole)
BHT (see Butylated hydroxytoluene)
Bis(1-aziridinyl)morpholinophosphine sulfide 9, 55 (1975); Suppl. 7, 58 (1987)
2,2-Bis(bromomethyl)propane-1,3-diol 77, 455 (2000)
Bis(2-chloroethyl)ether 9, 117 (1975); Suppl. 7, 58 (1987);


71, 1265 (1999)
N,N-Bis(2-chloroethyl)-2-naphthylamine 4, 119 (1974) (corr. 42, 253);


Suppl. 7, 130 (1987)
Bischloroethyl nitrosourea (see also Chloroethyl nitrosoureas) 26, 79 (1981); Suppl. 7, 150 (1987)
1,2-Bis(chloromethoxy)ethane 15, 31 (1977); Suppl. 7, 58 (1987);


71, 1271 (1999)
1,4-Bis(chloromethoxymethyl)benzene 15, 37 (1977); Suppl. 7, 58 (1987);


71, 1273 (1999)
Bis(chloromethyl)ether 4, 231 (1974) (corr. 42, 253);


Suppl. 7, 131 (1987)
Bis(2-chloro-1-methylethyl)ether 41, 149 (1986); Suppl. 7, 59 (1987);


71, 1275 (1999)
Bis(2,3-epoxycyclopentyl)ether 47, 231 (1989); 71, 1281 (1999)
Bisphenol A diglycidyl ether (see also Glycidyl ethers) 71, 1285 (1999)
Bisulfites (see Sulfur dioxide and some sulfites, bisulfites and


metabisulfites)
Bitumens 35, 39 (1985); Suppl. 7, 133 (1987)
Bleomycins (see also Etoposide) 26, 97 (1981); Suppl. 7, 134 (1987)
Blue VRS 16, 163 (1978); Suppl. 7, 59 (1987)
Boot and shoe manufacture and repair 25, 249 (1981); Suppl. 7, 232


(1987)
Bracken fern 40, 47 (1986); Suppl. 7, 135 (1987)
Brilliant Blue FCF, disodium salt 16, 171 (1978) (corr. 42, 257);


Suppl. 7, 59 (1987)
Bromochloroacetonitrile (see also Halogenated acetonitriles) 71, 1291 (1999)
Bromodichloromethane 52, 179 (1991); 71, 1295 (1999)
Bromoethane 52, 299 (1991); 71, 1305 (1999)
Bromoform 52, 213 (1991); 71, 1309 (1999)
1,3-Butadiene 39, 155 (1986) (corr. 42, 264


Suppl. 7, 136 (1987); 54, 237
(1992); 71, 109 (1999)


1,4-Butanediol dimethanesulfonate 4, 247 (1974); Suppl. 7, 137 (1987)
n-Butyl acrylate 39, 67 (1986); Suppl. 7, 59 (1987);


71, 359 (1999)
Butylated hydroxyanisole 40, 123 (1986); Suppl. 7, 59 (1987)
Butylated hydroxytoluene 40, 161 (1986); Suppl. 7, 59 (1987)
Butyl benzyl phthalate 29, 193 (1982) (corr. 42, 261);


Suppl. 7, 59 (1987); 73, 115 (1999)
β-Butyrolactone 11, 225 (1976); Suppl. 7, 59 


(1987); 71, 1317 (1999)
γ-Butyrolactone 11, 231 (1976); Suppl. 7, 59 


(1987); 71, 367 (1999)
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C


Cabinet-making (see Furniture and cabinet-making)
Cadmium acetate (see Cadmium and cadmium compounds)
Cadmium and cadmium compounds 2, 74 (1973); 11, 39 (1976)


(corr. 42, 255); Suppl. 7, 139 
(1987); 58, 119 (1993)


Cadmium chloride (see Cadmium and cadmium compounds)
Cadmium oxide (see Cadmium and cadmium compounds)
Cadmium sulfate (see Cadmium and cadmium compounds)
Cadmium sulfide (see Cadmium and cadmium compounds)
Caffeic acid 56, 115 (1993)
Caffeine 51, 291 (1991)
Calcium arsenate (see Arsenic and arsenic compounds)
Calcium chromate (see Chromium and chromium compounds)
Calcium cyclamate (see Cyclamates)
Calcium saccharin (see Saccharin)
Cantharidin 10, 79 (1976); Suppl. 7, 59 (1987)
Caprolactam 19, 115 (1979) (corr. 42, 258);


39, 247 (1986) (corr. 42, 264);
Suppl. 7, 59, 390 (1987); 71, 383
(1999)


Captafol 53, 353 (1991)
Captan 30, 295 (1983); Suppl. 7, 59 (1987)
Carbaryl 12, 37 (1976); Suppl. 7, 59 (1987)
Carbazole 32, 239 (1983); Suppl. 7, 59 


(1987); 71, 1319 (1999)
3-Carbethoxypsoralen 40, 317 (1986); Suppl. 7, 59 (1987)
Carbon black 3, 22 (1973); 33, 35 (1984); 


Suppl. 7, 142 (1987); 65, 149
(1996)


Carbon tetrachloride 1, 53 (1972); 20, 371 (1979);
Suppl. 7, 143 (1987); 71, 401
(1999)


Carmoisine 8, 83 (1975); Suppl. 7, 59 (1987)
Carpentry and joinery 25, 139 (1981); Suppl. 7, 378


(1987)
Carrageenan 10, 181 (1976) (corr. 42, 255); 31,


79 (1983); Suppl. 7, 59 (1987)
Catechol 15, 155 (1977); Suppl. 7, 59


(1987); 71, 433 (1999)
CCNU (see 1-(2-Chloroethyl)-3-cyclohexyl-1-nitrosourea)
Ceramic fibres (see Man-made vitreous fibres)
Chemotherapy, combined, including alkylating agents (see MOPP and


other combined chemotherapy including alkylating agents)
Chloral 63, 245 (1995)
Chloral hydrate 63, 245 (1995)
Chlorambucil 9, 125 (1975); 26, 115 (1981);


Suppl. 7, 144 (1987)
Chloramphenicol 10, 85 (1976); Suppl. 7, 145


(1987); 50, 169 (1990)
Chlordane (see also Chlordane/Heptachlor) 20, 45 (1979) (corr. 42, 258)
Chlordane and Heptachlor Suppl. 7, 146 (1987); 53, 115


(1991); 79, 411 (2001)
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Chlordecone 20, 67 (1979); Suppl. 7, 59 (1987)
Chlordimeform 30, 61 (1983); Suppl. 7, 59 (1987)
Chlorendic acid 48, 45 (1990)
Chlorinated dibenzodioxins (other than TCDD) (see also 15, 41 (1977); Suppl. 7, 59 (1987)


Polychlorinated dibenzo-para-dioxins)
Chlorinated drinking-water 52, 45 (1991)
Chlorinated paraffins 48, 55 (1990)
α-Chlorinated toluenes and benzoyl chloride Suppl. 7, 148 (1987); 71, 453


(1999)
Chlormadinone acetate 6, 149 (1974); 21, 365 (1979);


Suppl. 7, 291, 301 (1987);
72, 49 (1999)


Chlornaphazine (see N,N-Bis(2-chloroethyl)-2-naphthylamine)
Chloroacetonitrile (see also Halogenated acetonitriles) 71, 1325 (1999)
para-Chloroaniline 57, 305 (1993)
Chlorobenzilate 5, 75 (1974); 30, 73 (1983);


Suppl. 7, 60 (1987)
Chlorodibromomethane 52, 243 (1991); 71, 1331 (1999)
Chlorodifluoromethane 41, 237 (1986) (corr. 51, 483);


Suppl. 7, 149 (1987); 71, 1339
(1999)


Chloroethane 52, 315 (1991); 71, 1345 (1999)
1-(2-Chloroethyl)-3-cyclohexyl-1-nitrosourea (see also Chloroethyl 26, 137 (1981) (corr. 42, 260);


nitrosoureas) Suppl. 7, 150 (1987)
1-(2-Chloroethyl)-3-(4-methylcyclohexyl)-1-nitrosourea (see also Suppl. 7, 150 (1987)


Chloroethyl nitrosoureas)
Chloroethyl nitrosoureas Suppl. 7, 150 (1987)
Chlorofluoromethane 41, 229 (1986); Suppl. 7, 60


(1987); 71, 1351 (1999)
Chloroform 1, 61 (1972); 20, 401 (1979);


Suppl. 7, 152 (1987); 73, 131
(1999)


Chloromethyl methyl ether (technical-grade) (see also 4, 239 (1974); Suppl. 7, 131 (1987)
Bis(chloromethyl)ether)


(4-Chloro-2-methylphenoxy)acetic acid (see MCPA)
1-Chloro-2-methylpropene 63, 315 (1995)
3-Chloro-2-methylpropene 63, 325 (1995)
2-Chloronitrobenzene 65, 263 (1996)
3-Chloronitrobenzene 65, 263 (1996)
4-Chloronitrobenzene 65, 263 (1996)
Chlorophenols (see also Polychlorophenols and their sodium salts) Suppl. 7, 154 (1987)
Chlorophenols (occupational exposures to) 41, 319 (1986)
Chlorophenoxy herbicides Suppl. 7, 156 (1987)
Chlorophenoxy herbicides (occupational exposures to) 41, 357 (1986)
4-Chloro-ortho-phenylenediamine 27, 81 (1982); Suppl. 7, 60 (1987)
4-Chloro-meta-phenylenediamine 27, 82 (1982); Suppl. 7, 60 (1987)
Chloroprene 19, 131 (1979); Suppl. 7, 160


(1987); 71, 227 (1999)
Chloropropham 12, 55 (1976); Suppl. 7, 60 (1987)
Chloroquine 13, 47 (1977); Suppl. 7, 60 (1987)
Chlorothalonil 30, 319 (1983); Suppl. 7, 60 (1987);


73, 183 (1999)
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para-Chloro-ortho-toluidine and its strong acid salts 16, 277 (1978); 30, 65 (1983);
(see also Chlordimeform) Suppl. 7, 60 (1987); 48, 123


(1990); 77, 323 (2000)
4-Chloro-ortho-toluidine (see para-chloro-ortho-toluidine)
5-Chloro-ortho-toluidine 77, 341 (2000)
Chlorotrianisene (see also Nonsteroidal oestrogens) 21, 139 (1979); Suppl. 7, 280


(1987)
2-Chloro-1,1,1-trifluoroethane 41, 253 (1986); Suppl. 7, 60


(1987); 71, 1355 (1999)
Chlorozotocin 50, 65 (1990)
Cholesterol 10, 99 (1976); 31, 95 (1983);


Suppl. 7, 161 (1987)
Chromic acetate (see Chromium and chromium compounds)
Chromic chloride (see Chromium and chromium compounds)
Chromic oxide (see Chromium and chromium compounds)
Chromic phosphate (see Chromium and chromium compounds)
Chromite ore (see Chromium and chromium compounds)
Chromium and chromium compounds (see also Implants, surgical) 2, 100 (1973); 23, 205 (1980);


Suppl. 7, 165 (1987); 49, 49 (1990)
(corr. 51, 483)


Chromium carbonyl (see Chromium and chromium compounds)
Chromium potassium sulfate (see Chromium and chromium compounds)
Chromium sulfate (see Chromium and chromium compounds)
Chromium trioxide (see Chromium and chromium compounds)
Chrysazin (see Dantron)
Chrysene 3, 159 (1973); 32, 247 (1983);


Suppl. 7, 60 (1987)
Chrysoidine 8, 91 (1975); Suppl. 7, 169 (1987)
Chrysotile (see Asbestos)
CI Acid Orange 3 57, 121 (1993) 
CI Acid Red 114 57, 247 (1993) 
CI Basic Red 9 (see also Magenta) 57, 215 (1993)
Ciclosporin 50, 77 (1990)
CI Direct Blue 15 57, 235 (1993)
CI Disperse Yellow 3 (see Disperse Yellow 3)
Cimetidine 50, 235 (1990)
Cinnamyl anthranilate 16, 287 (1978); 31, 133 (1983);


Suppl. 7, 60 (1987); 77, 177 (2000)
CI Pigment Red 3 57, 259 (1993)
CI Pigment Red 53:1 (see D&C Red No. 9)
Cisplatin (see also Etoposide) 26, 151 (1981); Suppl. 7, 170


(1987)
Citrinin 40, 67 (1986); Suppl. 7, 60 (1987)
Citrus Red No. 2 8, 101 (1975) (corr. 42, 254);


Suppl. 7, 60 (1987)
Clinoptilolite (see Zeolites)
Clofibrate 24, 39 (1980); Suppl. 7, 171


(1987); 66, 391 (1996)
Clomiphene citrate 21, 551 (1979); Suppl. 7, 172


(1987)
Clonorchis sinensis (infection with) 61, 121 (1994)
Coal dust 68, 337 (1997)
Coal gasification 34, 65 (1984); Suppl. 7, 173 (1987)
Coal-tar pitches (see also Coal-tars) 35, 83 (1985); Suppl. 7, 174 (1987)
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Coal-tars 35, 83 (1985); Suppl. 7, 175 (1987)
Cobalt[III] acetate (see Cobalt and cobalt compounds)
Cobalt-aluminium-chromium spinel (see Cobalt and cobalt compounds)
Cobalt and cobalt compounds (see also Implants, surgical) 52, 363 (1991)
Cobalt[II] chloride (see Cobalt and cobalt compounds)
Cobalt-chromium alloy (see Chromium and chromium compounds)
Cobalt-chromium-molybdenum alloys (see Cobalt and cobalt compounds)
Cobalt metal powder (see Cobalt and cobalt compounds)
Cobalt naphthenate (see Cobalt and cobalt compounds)
Cobalt[II] oxide (see Cobalt and cobalt compounds)
Cobalt[II,III] oxide (see Cobalt and cobalt compounds)
Cobalt[II] sulfide (see Cobalt and cobalt compounds)
Coffee 51, 41 (1991) (corr. 52, 513)
Coke production 34, 101 (1984); Suppl. 7, 176


(1987)
Combined oral contraceptives (see Oral contraceptives, combined)
Conjugated equine oestrogens 72, 399 (1999)
Conjugated oestrogens (see also Steroidal oestrogens) 21, 147 (1979); Suppl. 7, 283


(1987)
Continuous glass filament (see Man-made vitreous fibres)
Contraceptives, oral (see Oral contraceptives, combined;


Sequential oral contraceptives)
Copper 8-hydroxyquinoline 15, 103 (1977); Suppl. 7, 61 (1987)
Coronene 32, 263 (1983); Suppl. 7, 61 (1987)
Coumarin 10, 113 (1976); Suppl. 7, 61


(1987); 77, 193 (2000)
Creosotes (see also Coal-tars) 35, 83 (1985); Suppl. 7, 177 (1987)
meta-Cresidine 27, 91 (1982); Suppl. 7, 61 (1987)
para-Cresidine 27, 92 (1982); Suppl. 7, 61 (1987)
Cristobalite (see Crystalline silica)
Crocidolite (see Asbestos)
Crotonaldehyde 63, 373 (1995) (corr. 65, 549)
Crude oil 45, 119 (1989)
Crystalline silica (see also Silica) 42, 39 (1987); Suppl. 7, 341


(1987); 68, 41 (1997) (corr. 81, 
383)


Cycasin (see also Methylazoxymethanol) 1, 157 (1972) (corr. 42, 251); 10,
121 (1976); Suppl. 7, 61 (1987)


Cyclamates 22, 55 (1980); Suppl. 7, 178 (1987);
73, 195 (1999)


Cyclamic acid (see Cyclamates)
Cyclochlorotine 10, 139 (1976); Suppl. 7, 61 (1987)
Cyclohexanone 47, 157 (1989); 71, 1359 (1999)
Cyclohexylamine (see Cyclamates)
Cyclopenta[cd]pyrene 32, 269 (1983); Suppl. 7, 61 (1987)
Cyclopropane (see Anaesthetics, volatile)
Cyclophosphamide 9, 135 (1975); 26, 165 (1981);


Suppl. 7, 182 (1987)
Cyproterone acetate 72, 49 (1999)
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D


2,4-D (see also Chlorophenoxy herbicides; Chlorophenoxy 15, 111 (1977)
herbicides, occupational exposures to)


Dacarbazine 26, 203 (1981); Suppl. 7, 184
(1987)


Dantron 50, 265 (1990) (corr. 59, 257)
D&C Red No. 9 8, 107 (1975); Suppl. 7, 61 (1987);


57, 203 (1993)
Dapsone 24, 59 (1980); Suppl. 7, 185 (1987)
Daunomycin 10, 145 (1976); Suppl. 7, 61 (1987)
DDD (see DDT)
DDE (see DDT)
DDT 5, 83 (1974) (corr. 42, 253);


Suppl. 7, 186 (1987); 53, 179
(1991)


Decabromodiphenyl oxide 48, 73 (1990); 71, 1365 (1999)
Deltamethrin 53, 251 (1991)
Deoxynivalenol (see Toxins derived from Fusarium graminearum,


F. culmorum and F. crookwellense)
Diacetylaminoazotoluene 8, 113 (1975); Suppl. 7, 61 (1987)
N,N′-Diacetylbenzidine 16, 293 (1978); Suppl. 7, 61 (1987)
Diallate 12, 69 (1976); 30, 235 (1983);


Suppl. 7, 61 (1987)
2,4-Diaminoanisole and its salts 16, 51 (1978); 27, 103 (1982);


Suppl. 7, 61 (1987); 79, 619 (2001)
4,4′-Diaminodiphenyl ether 16, 301 (1978); 29, 203 (1982);


Suppl. 7, 61 (1987)
1,2-Diamino-4-nitrobenzene 16, 63 (1978); Suppl. 7, 61 (1987) 
1,4-Diamino-2-nitrobenzene 16, 73 (1978); Suppl. 7, 61 (1987);


57, 185 (1993)
2,6-Diamino-3-(phenylazo)pyridine (see Phenazopyridine hydrochloride)
2,4-Diaminotoluene (see also Toluene diisocyanates) 16, 83 (1978); Suppl. 7, 61 (1987)
2,5-Diaminotoluene (see also Toluene diisocyanates) 16, 97 (1978); Suppl. 7, 61 (1987)
ortho-Dianisidine (see 3,3′-Dimethoxybenzidine)
Diatomaceous earth, uncalcined (see Amorphous silica)
Diazepam 13, 57 (1977); Suppl. 7, 189


(1987); 66, 37 (1996)
Diazomethane 7, 223 (1974); Suppl. 7, 61 (1987)
Dibenz[a,h]acridine 3, 247 (1973); 32, 277 (1983);


Suppl. 7, 61 (1987)
Dibenz[a,j]acridine 3, 254 (1973); 32, 283 (1983);


Suppl. 7, 61 (1987)
Dibenz[a,c]anthracene 32, 289 (1983) (corr. 42, 262);


Suppl. 7, 61 (1987)
Dibenz[a,h]anthracene 3, 178 (1973) (corr. 43, 261);


32, 299 (1983); Suppl. 7, 61 (1987)
Dibenz[a,j]anthracene 32, 309 (1983); Suppl. 7, 61 (1987)
7H-Dibenzo[c,g]carbazole 3, 260 (1973); 32, 315 (1983);


Suppl. 7, 61 (1987)
Dibenzodioxins, chlorinated (other than TCDD)


(see Chlorinated dibenzodioxins (other than TCDD))
Dibenzo[a,e]fluoranthene 32, 321 (1983); Suppl. 7, 61 (1987)
Dibenzo[h,rst]pentaphene 3, 197 (1973); Suppl. 7, 62 (1987)
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Dibenzo[a,e]pyrene 3, 201 (1973); 32, 327 (1983);
Suppl. 7, 62 (1987)


Dibenzo[a,h]pyrene 3, 207 (1973); 32, 331 (1983);
Suppl. 7, 62 (1987)


Dibenzo[a,i]pyrene 3, 215 (1973); 32, 337 (1983);
Suppl. 7, 62 (1987)


Dibenzo[a,l]pyrene 3, 224 (1973); 32, 343 (1983);
Suppl. 7, 62 (1987)


Dibenzo-para-dioxin 69, 33 (1997)
Dibromoacetonitrile (see also Halogenated acetonitriles) 71, 1369 (1999)
1,2-Dibromo-3-chloropropane 15, 139 (1977); 20, 83 (1979); 


Suppl. 7, 191 (1987); 71, 479
(1999)


1,2-Dibromoethane (see Ethylene dibromide)
2,3-Dibromopropan-1-ol 77, 439 (2000)
Dichloroacetic acid 63, 271 (1995)
Dichloroacetonitrile (see also Halogenated acetonitriles) 71, 1375 (1999)
Dichloroacetylene 39, 369 (1986); Suppl. 7, 62


(1987); 71, 1381 (1999)
ortho-Dichlorobenzene 7, 231 (1974); 29, 213 (1982); 


Suppl. 7, 192 (1987); 73, 223 (1999)
meta-Dichlorobenzene 73, 223 (1999)
para-Dichlorobenzene 7, 231 (1974); 29, 215 (1982);


Suppl. 7, 192 (1987); 73, 223 (1999)
3,3′-Dichlorobenzidine 4, 49 (1974); 29, 239 (1982);


Suppl. 7, 193 (1987)
trans-1,4-Dichlorobutene 15, 149 (1977); Suppl. 7, 62


(1987); 71, 1389 (1999)
3,3′-Dichloro-4,4′-diaminodiphenyl ether 16, 309 (1978); Suppl. 7, 62 (1987)
1,2-Dichloroethane 20, 429 (1979); Suppl. 7, 62


(1987); 71, 501 (1999)
Dichloromethane 20, 449 (1979); 41, 43 (1986);


Suppl. 7, 194 (1987); 71, 251
(1999)


2,4-Dichlorophenol (see Chlorophenols; Chlorophenols, 
occupational exposures to; Polychlorophenols and their sodium salts)


(2,4-Dichlorophenoxy)acetic acid (see 2,4-D)
2,6-Dichloro-para-phenylenediamine 39, 325 (1986); Suppl. 7, 62 (1987)
1,2-Dichloropropane 41, 131 (1986); Suppl. 7, 62


(1987); 71, 1393 (1999)
1,3-Dichloropropene (technical-grade) 41, 113 (1986); Suppl. 7, 195


(1987); 71, 933 (1999)
Dichlorvos 20, 97 (1979); Suppl. 7, 62 (1987);


53, 267 (1991)
Dicofol 30, 87 (1983); Suppl. 7, 62 (1987)
Dicyclohexylamine (see Cyclamates)
Didanosine 76, 153 (2000)
Dieldrin 5, 125 (1974); Suppl. 7, 196 (1987)
Dienoestrol (see also Nonsteroidal oestrogens) 21, 161 (1979); Suppl. 7, 278


(1987)
Diepoxybutane (see also 1,3-Butadiene) 11, 115 (1976) (corr. 42, 255);


Suppl. 7, 62 (1987); 71, 109 (1999)
Diesel and gasoline engine exhausts 46, 41 (1989)
Diesel fuels 45, 219 (1989) (corr. 47, 505)
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Diethanolamine 77, 349 (2000)
Diethyl ether (see Anaesthetics, volatile)
Di(2-ethylhexyl) adipate 29, 257 (1982); Suppl. 7, 62


(1987); 77, 149 (2000)
Di(2-ethylhexyl) phthalate 29, 269 (1982) (corr. 42, 261);


Suppl. 7, 62 (1987); 77, 41 (2000)
1,2-Diethylhydrazine 4, 153 (1974); Suppl. 7, 62 (1987);


71, 1401 (1999)
Diethylstilboestrol 6, 55 (1974); 21, 173 (1979) 


(corr. 42, 259); Suppl. 7, 273
(1987)


Diethylstilboestrol dipropionate (see Diethylstilboestrol)
Diethyl sulfate 4, 277 (1974); Suppl. 7, 198


(1987); 54, 213 (1992); 71, 1405
(1999)


N,N′-Diethylthiourea 79, 649 (2001)
Diglycidyl resorcinol ether 11, 125 (1976); 36, 181 (1985);


Suppl. 7, 62 (1987); 71, 1417
(1999)


Dihydrosafrole 1, 170 (1972); 10, 233 (1976)
Suppl. 7, 62 (1987)


1,8-Dihydroxyanthraquinone (see Dantron)
Dihydroxybenzenes (see Catechol; Hydroquinone; Resorcinol)
Dihydroxymethylfuratrizine 24, 77 (1980); Suppl. 7, 62 (1987)
Diisopropyl sulfate 54, 229 (1992); 71, 1421 (1999)
Dimethisterone (see also Progestins; Sequential oral contraceptives) 6, 167 (1974); 21, 377 (1979))
Dimethoxane 15, 177 (1977); Suppl. 7, 62 (1987)
3,3′-Dimethoxybenzidine 4, 41 (1974); Suppl. 7, 198 (1987)
3,3′-Dimethoxybenzidine-4,4′-diisocyanate 39, 279 (1986); Suppl. 7, 62 (1987)
para-Dimethylaminoazobenzene 8, 125 (1975); Suppl. 7, 62 (1987)
para-Dimethylaminoazobenzenediazo sodium sulfonate 8, 147 (1975); Suppl. 7, 62 (1987)
trans-2-[(Dimethylamino)methylimino]-5-[2-(5-nitro-2-furyl)- 7, 147 (1974) (corr. 42, 253);


vinyl]-1,3,4-oxadiazole Suppl. 7, 62 (1987)
4,4′-Dimethylangelicin plus ultraviolet radiation (see also Suppl. 7, 57 (1987)


Angelicin and some synthetic derivatives)
4,5′-Dimethylangelicin plus ultraviolet radiation (see also Suppl. 7, 57 (1987)


Angelicin and some synthetic derivatives)
2,6-Dimethylaniline 57, 323 (1993)
N,N-Dimethylaniline 57, 337 (1993)
Dimethylarsinic acid (see Arsenic and arsenic compounds)
3,3′-Dimethylbenzidine 1, 87 (1972); Suppl. 7, 62 (1987)
Dimethylcarbamoyl chloride 12, 77 (1976); Suppl. 7, 199


(1987); 71, 531 (1999)
Dimethylformamide 47, 171 (1989); 71, 545 (1999)
1,1-Dimethylhydrazine 4, 137 (1974); Suppl. 7, 62 (1987);


71, 1425 (1999)
1,2-Dimethylhydrazine 4, 145 (1974) (corr. 42, 253);


Suppl. 7, 62 (1987); 71, 947 (1999)
Dimethyl hydrogen phosphite 48, 85 (1990); 71, 1437 (1999)
1,4-Dimethylphenanthrene 32, 349 (1983); Suppl. 7, 62 (1987)
Dimethyl sulfate 4, 271 (1974); Suppl. 7, 200


(1987); 71, 575 (1999)
3,7-Dinitrofluoranthene 46, 189 (1989); 65, 297 (1996)
3,9-Dinitrofluoranthene 46, 195 (1989); 65, 297 (1996)
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1,3-Dinitropyrene 46, 201 (1989)
1,6-Dinitropyrene 46, 215 (1989)
1,8-Dinitropyrene 33, 171 (1984); Suppl. 7, 63


(1987); 46, 231 (1989)
Dinitrosopentamethylenetetramine 11, 241 (1976); Suppl. 7, 63 (1987)
2,4-Dinitrotoluene 65, 309 (1996) (corr. 66, 485)
2,6-Dinitrotoluene 65, 309 (1996) (corr. 66, 485)
3,5-Dinitrotoluene 65, 309 (1996)
1,4-Dioxane 11, 247 (1976); Suppl. 7, 201


(1987); 71, 589 (1999)
2,4′-Diphenyldiamine 16, 313 (1978); Suppl. 7, 63 (1987)
Direct Black 38 (see also Benzidine-based dyes) 29, 295 (1982) (corr. 42, 261)
Direct Blue 6 (see also Benzidine-based dyes) 29, 311 (1982)
Direct Brown 95 (see also Benzidine-based dyes) 29, 321 (1982)
Disperse Blue 1 48, 139 (1990)
Disperse Yellow 3 8, 97 (1975); Suppl. 7, 60 (1987);


48, 149 (1990)
Disulfiram 12, 85 (1976); Suppl. 7, 63 (1987)
Dithranol 13, 75 (1977); Suppl. 7, 63 (1987)
Divinyl ether (see Anaesthetics, volatile)
Doxefazepam 66, 97 (1996)
Doxylamine succinate 79, 145 (2001)
Droloxifene 66, 241 (1996)
Dry cleaning 63, 33 (1995)
Dulcin 12, 97 (1976); Suppl. 7, 63 (1987)


E


Endrin 5, 157 (1974); Suppl. 7, 63 (1987)
Enflurane (see Anaesthetics, volatile)
Eosin 15, 183 (1977); Suppl. 7, 63 (1987)
Epichlorohydrin 11, 131 (1976) (corr. 42, 256);


Suppl. 7, 202 (1987); 71, 603
(1999)


1,2-Epoxybutane 47, 217 (1989); 71, 629 (1999)
1-Epoxyethyl-3,4-epoxycyclohexane (see 4-Vinylcyclohexene diepoxide)
3,4-Epoxy-6-methylcyclohexylmethyl 3,4-epoxy-6-methyl- 11, 147 (1976); Suppl. 7, 63


cyclohexane carboxylate (1987); 71, 1441 (1999)
cis-9,10-Epoxystearic acid 11, 153 (1976); Suppl. 7, 63


(1987); 71, 1443 (1999) 
Epstein-Barr virus 70, 47 (1997)
d-Equilenin 72, 399 (1999)
Equilin 72, 399 (1999)
Erionite 42, 225 (1987); Suppl. 7, 203


(1987)
Estazolam 66, 105 (1996)
Ethinyloestradiol 6, 77 (1974); 21, 233 (1979);


Suppl. 7, 286 (1987); 72, 49 (1999)
Ethionamide 13, 83 (1977); Suppl. 7, 63 (1987)
Ethyl acrylate 19, 57 (1979); 39, 81 (1986);


Suppl. 7, 63 (1987); 71, 1447 
(1999)


Ethylbenzene 77, 227 (2000)
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Ethylene 19, 157 (1979); Suppl. 7, 63
(1987); 60, 45 (1994); 71, 1447
(1999)


Ethylene dibromide 15, 195 (1977); Suppl. 7, 204
(1987); 71, 641 (1999)


Ethylene oxide 11, 157 (1976); 36, 189 (1985)
(corr. 42, 263); Suppl. 7, 205
(1987); 60, 73 (1994)


Ethylene sulfide 11, 257 (1976); Suppl. 7, 63 (1987)
Ethylenethiourea 7, 45 (1974); Suppl. 7, 207 (1987);


79, 659 (2001)
2-Ethylhexyl acrylate 60, 475 (1994)
Ethyl methanesulfonate 7, 245 (1974); Suppl. 7, 63 (1987)
N-Ethyl-N-nitrosourea 1, 135 (1972); 17, 191 (1978);


Suppl. 7, 63 (1987)
Ethyl selenac (see also Selenium and selenium compounds) 12, 107 (1976); Suppl. 7, 63 (1987)
Ethyl tellurac 12, 115 (1976); Suppl. 7, 63 (1987)
Ethynodiol diacetate 6, 173 (1974); 21, 387 (1979);


Suppl. 7, 292 (1987); 72, 49
(1999)


Etoposide 76, 177 (2000)
Eugenol 36, 75 (1985); Suppl. 7, 63 (1987)
Evans blue 8, 151 (1975); Suppl. 7, 63 (1987)
Extremely low-frequency electric fields 80 (2002)
Extremely low-frequency magnetic fields 80 (2002)


F


Fast Green FCF 16, 187 (1978); Suppl. 7, 63 (1987)
Fenvalerate 53, 309 (1991)
Ferbam 12, 121 (1976) (corr. 42, 256);


Suppl. 7, 63 (1987)
Ferric oxide 1, 29 (1972); Suppl. 7, 216 (1987)
Ferrochromium (see Chromium and chromium compounds)
Fluometuron 30, 245 (1983); Suppl. 7, 63 (1987)
Fluoranthene 32, 355 (1983); Suppl. 7, 63 (1987)
Fluorene 32, 365 (1983); Suppl. 7, 63 (1987)
Fluorescent lighting (exposure to) (see Ultraviolet radiation)
Fluorides (inorganic, used in drinking-water) 27, 237 (1982); Suppl. 7, 208


(1987)
5-Fluorouracil 26, 217 (1981); Suppl. 7, 210


(1987)
Fluorspar (see Fluorides)
Fluosilicic acid (see Fluorides)
Fluroxene (see Anaesthetics, volatile)
Foreign bodies 74 (1999)
Formaldehyde 29, 345 (1982); Suppl. 7, 211


(1987); 62, 217 (1995) (corr. 65,
549; corr. 66, 485)


2-(2-Formylhydrazino)-4-(5-nitro-2-furyl)thiazole 7, 151 (1974) (corr. 42, 253);
Suppl. 7, 63 (1987)


Frusemide (see Furosemide)
Fuel oils (heating oils) 45, 239 (1989) (corr. 47, 505)
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Fumonisin B1 (see Toxins derived from Fusarium moniliforme)
Fumonisin B2 (see Toxins derived from Fusarium moniliforme)
Furan 63, 393 (1995)
Furazolidone 31, 141 (1983); Suppl. 7, 63 (1987)
Furfural 63, 409 (1995)
Furniture and cabinet-making 25, 99 (1981); Suppl. 7, 380 (1987)
Furosemide 50, 277 (1990)
2-(2-Furyl)-3-(5-nitro-2-furyl)acrylamide (see AF-2)
Fusarenon-X (see Toxins derived from Fusarium graminearum,


F. culmorum and F. crookwellense)
Fusarenone-X (see Toxins derived from Fusarium graminearum,


F. culmorum and F. crookwellense)
Fusarin C (see Toxins derived from Fusarium moniliforme)


G


Gamma (γ)-radiation 75, 121 (2000)
Gasoline 45, 159 (1989) (corr. 47, 505)
Gasoline engine exhaust (see Diesel and gasoline engine exhausts)
Gemfibrozil 66, 427 (1996)
Glass fibres (see Man-made mineral fibres)
Glass manufacturing industry, occupational exposures in 58, 347 (1993)
Glass wool (see Man-made vitreous fibres)
Glass filaments (see Man-made mineral fibres)
Glu-P-1 40, 223 (1986); Suppl. 7, 64 (1987)
Glu-P-2 40, 235 (1986); Suppl. 7, 64 (1987)
L-Glutamic acid, 5-[2-(4-hydroxymethyl)phenylhydrazide]


(see Agaritine)
Glycidaldehyde 11, 175 (1976); Suppl. 7, 64


(1987); 71, 1459 (1999)
Glycidol 77, 469 (2000)
Glycidyl ethers 47, 237 (1989); 71, 1285, 1417,


1525, 1539 (1999)
Glycidyl oleate 11, 183 (1976); Suppl. 7, 64 (1987)
Glycidyl stearate 11, 187 (1976); Suppl. 7, 64 (1987)
Griseofulvin 10, 153 (1976); Suppl. 7, 64, 391


(1987); 79, 289 (2001)
Guinea Green B 16, 199 (1978); Suppl. 7, 64 (1987)
Gyromitrin 31, 163 (1983); Suppl. 7, 64, 391


(1987)


H


Haematite 1, 29 (1972); Suppl. 7, 216 (1987)
Haematite and ferric oxide Suppl. 7, 216 (1987)
Haematite mining, underground, with exposure to radon 1, 29 (1972); Suppl. 7, 216 (1987)
Hairdressers and barbers (occupational exposure as) 57, 43 (1993)
Hair dyes, epidemiology of 16, 29 (1978); 27, 307 (1982); 
Halogenated acetonitriles 52, 269 (1991); 71, 1325, 1369,


1375, 1533 (1999)
Halothane (see Anaesthetics, volatile)
HC Blue No. 1 57, 129 (1993)
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HC Blue No. 2 57, 143 (1993)
α-HCH (see Hexachlorocyclohexanes)
β-HCH (see Hexachlorocyclohexanes)
γ-HCH (see Hexachlorocyclohexanes)
HC Red No. 3 57, 153 (1993)
HC Yellow No. 4 57, 159 (1993)
Heating oils (see Fuel oils)
Helicobacter pylori (infection with) 61, 177 (1994)
Hepatitis B virus 59, 45 (1994)
Hepatitis C virus 59, 165 (1994)
Hepatitis D virus 59, 223 (1994)
Heptachlor (see also Chlordane/Heptachlor) 5, 173 (1974); 20, 129 (1979)
Hexachlorobenzene 20, 155 (1979); Suppl. 7, 219


(1987); 79, 493 (2001)
Hexachlorobutadiene 20, 179 (1979); Suppl. 7, 64 (1987);


73, 277 (1999)
Hexachlorocyclohexanes 5, 47 (1974); 20, 195 (1979)


(corr. 42, 258); Suppl. 7, 220
(1987)


Hexachlorocyclohexane, technical-grade (see Hexachlorocyclohexanes)
Hexachloroethane 20, 467 (1979); Suppl. 7, 64 (1987);


73, 295 (1999)
Hexachlorophene 20, 241 (1979); Suppl. 7, 64 (1987)
Hexamethylphosphoramide 15, 211 (1977); Suppl. 7, 64


(1987); 71, 1465 (1999)
Hexoestrol (see also Nonsteroidal oestrogens) Suppl. 7, 279 (1987)
Hormonal contraceptives, progestogens only 72, 339 (1999)
Human herpesvirus 8 70, 375 (1997)
Human immunodeficiency viruses 67, 31 (1996)
Human papillomaviruses 64 (1995) (corr. 66, 485)
Human T-cell lymphotropic viruses 67, 261 (1996)
Hycanthone mesylate 13, 91 (1977); Suppl. 7, 64 (1987)
Hydralazine 24, 85 (1980); Suppl. 7, 222 (1987)
Hydrazine 4, 127 (1974); Suppl. 7, 223


(1987); 71, 991 (1999)
Hydrochloric acid 54, 189 (1992)
Hydrochlorothiazide 50, 293 (1990)
Hydrogen peroxide 36, 285 (1985); Suppl. 7, 64


(1987); 71, 671 (1999)
Hydroquinone 15, 155 (1977); Suppl. 7, 64


(1987); 71, 691 (1999)
4-Hydroxyazobenzene 8, 157 (1975); Suppl. 7, 64 (1987)
17α-Hydroxyprogesterone caproate (see also Progestins) 21, 399 (1979) (corr. 42, 259)
8-Hydroxyquinoline 13, 101 (1977); Suppl. 7, 64 (1987)
8-Hydroxysenkirkine 10, 265 (1976); Suppl. 7, 64 (1987)
Hydroxyurea 76, 347 (2000)
Hypochlorite salts 52, 159 (1991)


I


Implants, surgical 74, 1999
Indeno[1,2,3-cd]pyrene 3, 229 (1973); 32, 373 (1983);


Suppl. 7, 64 (1987)
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Inorganic acids (see Sulfuric acid and other strong inorganic acids,
occupational exposures to mists and vapours from)


Insecticides, occupational exposures in spraying and application of 53, 45 (1991)
Insulation glass wool (see Man-made vitreous fibres)
Ionizing radiation (see Neutrons, γ- and X-radiation)
IQ 40, 261 (1986); Suppl. 7, 64


(1987); 56, 165 (1993)
Iron and steel founding 34, 133 (1984); Suppl. 7, 224


(1987)
Iron-dextran complex 2, 161 (1973); Suppl. 7, 226 (1987)
Iron-dextrin complex 2, 161 (1973) (corr. 42, 252);


Suppl. 7, 64 (1987)
Iron oxide (see Ferric oxide)
Iron oxide, saccharated (see Saccharated iron oxide)
Iron sorbitol-citric acid complex 2, 161 (1973); Suppl. 7, 64 (1987)
Isatidine 10, 269 (1976); Suppl. 7, 65 (1987)
Isoflurane (see Anaesthetics, volatile)
Isoniazid (see Isonicotinic acid hydrazide)
Isonicotinic acid hydrazide 4, 159 (1974); Suppl. 7, 227 (1987)
Isophosphamide 26, 237 (1981); Suppl. 7, 65 (1987)
Isoprene 60, 215 (1994); 71, 1015 (1999)
Isopropanol 15, 223 (1977); Suppl. 7, 229


(1987); 71, 1027 (1999)
Isopropanol manufacture (strong-acid process) Suppl. 7, 229 (1987)


(see also Isopropanol; Sulfuric acid and other strong inorganic
acids, occupational exposures to mists and vapours from)


Isopropyl oils 15, 223 (1977); Suppl. 7, 229
(1987); 71, 1483 (1999)


Isosafrole 1, 169 (1972); 10, 232 (1976);
Suppl. 7, 65 (1987)


J


Jacobine 10, 275 (1976); Suppl. 7, 65 (1987)
Jet fuel 45, 203 (1989)
Joinery (see Carpentry and joinery)


K


Kaempferol 31, 171 (1983); Suppl. 7, 65 (1987)
Kaposi’s sarcoma herpesvirus 70, 375 (1997)
Kepone (see Chlordecone)
Kojic acid 79, 605 (2001)


L


Lasiocarpine 10, 281 (1976); Suppl. 7, 65 (1987)
Lauroyl peroxide 36, 315 (1985); Suppl. 7, 65


(1987); 71, 1485 (1999)
Lead acetate (see Lead and lead compounds)
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Lead and lead compounds (see also Foreign bodies) 1, 40 (1972) (corr. 42, 251); 2, 52, 
150 (1973); 12, 131 (1976);
23, 40, 208, 209, 325 (1980);
Suppl. 7, 230 (1987)


Lead arsenate (see Arsenic and arsenic compounds)
Lead carbonate (see Lead and lead compounds)
Lead chloride (see Lead and lead compounds)
Lead chromate (see Chromium and chromium compounds)
Lead chromate oxide (see Chromium and chromium compounds)
Lead naphthenate (see Lead and lead compounds)
Lead nitrate (see Lead and lead compounds)
Lead oxide (see Lead and lead compounds)
Lead phosphate (see Lead and lead compounds)
Lead subacetate (see Lead and lead compounds)
Lead tetroxide (see Lead and lead compounds)
Leather goods manufacture 25, 279 (1981); Suppl. 7, 235


(1987)
Leather industries 25, 199 (1981); Suppl. 7, 232


(1987)
Leather tanning and processing 25, 201 (1981); Suppl. 7, 236


(1987)
Ledate (see also Lead and lead compounds) 12, 131 (1976) 
Levonorgestrel 72, 49 (1999)
Light Green SF 16, 209 (1978); Suppl. 7, 65 (1987)
d-Limonene 56, 135 (1993); 73, 307 (1999)
Lindane (see Hexachlorocyclohexanes)
Liver flukes (see Clonorchis sinensis, Opisthorchis felineus and


Opisthorchis viverrini)
Lumber and sawmill industries (including logging) 25, 49 (1981); Suppl. 7, 383 (1987)
Luteoskyrin 10, 163 (1976); Suppl. 7, 65 (1987)
Lynoestrenol 21, 407 (1979); Suppl. 7, 293


(1987); 72, 49 (1999)


M


Magenta 4, 57 (1974) (corr. 42, 252);
Suppl. 7, 238 (1987); 57, 215
(1993)


Magenta, manufacture of (see also Magenta) Suppl. 7, 238 (1987); 57, 215
(1993)


Malathion 30, 103 (1983); Suppl. 7, 65 (1987)
Maleic hydrazide 4, 173 (1974) (corr. 42, 253);


Suppl. 7, 65 (1987)
Malonaldehyde 36, 163 (1985); Suppl. 7, 65


(1987); 71, 1037 (1999)
Malondialdehyde (see Malonaldehyde)
Maneb 12, 137 (1976); Suppl. 7, 65 (1987)
Man-made mineral fibres (see Man-made vitreous fibres)
Man-made vitreous fibres 43, 39 (1988); 81 (2002)
Mannomustine 9, 157 (1975); Suppl. 7, 65 (1987)
Mate 51, 273 (1991)
MCPA (see also Chlorophenoxy herbicides; Chlorophenoxy 30, 255 (1983)


herbicides, occupational exposures to)
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MeA-α-C 40, 253 (1986); Suppl. 7, 65 (1987)
Medphalan 9, 168 (1975); Suppl. 7, 65 (1987)
Medroxyprogesterone acetate 6, 157 (1974); 21, 417 (1979)


(corr. 42, 259); Suppl. 7, 289
(1987); 72, 339 (1999)


Megestrol acetate Suppl. 7, 293 (1987); 72, 49 (1999)
MeIQ 40, 275 (1986); Suppl. 7, 65


(1987); 56, 197 (1993)
MeIQx 40, 283 (1986); Suppl. 7, 65 (1987)


56, 211 (1993)
Melamine 39, 333 (1986); Suppl. 7, 65 


(1987); 73, 329 (1999)
Melphalan 9, 167 (1975); Suppl. 7, 239 (1987)
6-Mercaptopurine 26, 249 (1981); Suppl. 7, 240


(1987)
Mercuric chloride (see Mercury and mercury compounds)
Mercury and mercury compounds 58, 239 (1993)
Merphalan 9, 169 (1975); Suppl. 7, 65 (1987)
Mestranol 6, 87 (1974); 21, 257 (1979)


(corr. 42, 259); Suppl. 7, 288
(1987); 72, 49 (1999)


Metabisulfites (see Sulfur dioxide and some sulfites, bisulfites
and metabisulfites)


Metallic mercury (see Mercury and mercury compounds)
Methanearsonic acid, disodium salt (see Arsenic and arsenic compounds)
Methanearsonic acid, monosodium salt (see Arsenic and arsenic


compounds
Methimazole 79, 53 (2001)
Methotrexate 26, 267 (1981); Suppl. 7, 241


(1987)
Methoxsalen (see 8-Methoxypsoralen)
Methoxychlor 5, 193 (1974); 20, 259 (1979);


Suppl. 7, 66 (1987)
Methoxyflurane (see Anaesthetics, volatile)
5-Methoxypsoralen 40, 327 (1986); Suppl. 7, 242


(1987)
8-Methoxypsoralen (see also 8-Methoxypsoralen plus ultraviolet 24, 101 (1980)


radiation)
8-Methoxypsoralen plus ultraviolet radiation Suppl. 7, 243 (1987)
Methyl acrylate 19, 52 (1979); 39, 99 (1986);


Suppl. 7, 66 (1987); 71, 1489
(1999)


5-Methylangelicin plus ultraviolet radiation (see also Angelicin Suppl. 7, 57 (1987)
and some synthetic derivatives)


2-Methylaziridine 9, 61 (1975); Suppl. 7, 66 (1987);
71, 1497 (1999)


Methylazoxymethanol acetate (see also Cycasin) 1, 164 (1972); 10, 131 (1976);
Suppl. 7, 66 (1987)


Methyl bromide 41, 187 (1986) (corr. 45, 283);
Suppl. 7, 245 (1987); 71, 721
(1999)


Methyl tert-butyl ether 73, 339 (1999)
Methyl carbamate 12, 151 (1976); Suppl. 7, 66 (1987)
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Methyl-CCNU (see 1-(2-Chloroethyl)-3-(4-methylcyclohexyl)-
1-nitrosourea)


Methyl chloride 41, 161 (1986); Suppl. 7, 246
(1987); 71, 737 (1999)


1-, 2-, 3-, 4-, 5- and 6-Methylchrysenes 32, 379 (1983); Suppl. 7, 66 (1987)
N-Methyl-N,4-dinitrosoaniline 1, 141 (1972); Suppl. 7, 66 (1987)
4,4′-Methylene bis(2-chloroaniline) 4, 65 (1974) (corr. 42, 252);


Suppl. 7, 246 (1987); 57, 271
(1993) 


4,4′-Methylene bis(N,N-dimethyl)benzenamine 27, 119 (1982); Suppl. 7, 66 (1987)
4,4′-Methylene bis(2-methylaniline) 4, 73 (1974); Suppl. 7, 248 (1987)
4,4′-Methylenedianiline 4, 79 (1974) (corr. 42, 252);


39, 347 (1986); Suppl. 7, 66 (1987)
4,4′-Methylenediphenyl diisocyanate 19, 314 (1979); Suppl. 7, 66


(1987); 71, 1049 (1999)
2-Methylfluoranthene 32, 399 (1983); Suppl. 7, 66 (1987)
3-Methylfluoranthene 32, 399 (1983); Suppl. 7, 66 (1987)
Methylglyoxal 51, 443 (1991) 
Methyl iodide 15, 245 (1977); 41, 213 (1986);


Suppl. 7, 66 (1987); 71, 1503
(1999)


Methylmercury chloride (see Mercury and mercury compounds)
Methylmercury compounds (see Mercury and mercury compounds)
Methyl methacrylate 19, 187 (1979); Suppl. 7, 66


(1987); 60, 445 (1994)
Methyl methanesulfonate 7, 253 (1974); Suppl. 7, 66 (1987);


71, 1059 (1999)
2-Methyl-1-nitroanthraquinone 27, 205 (1982); Suppl. 7, 66 (1987)
N-Methyl-N′-nitro-N-nitrosoguanidine 4, 183 (1974); Suppl. 7, 248 (1987)
3-Methylnitrosaminopropionaldehyde [see 3-(N-Nitrosomethylamino)-


propionaldehyde]
3-Methylnitrosaminopropionitrile [see 3-(N-Nitrosomethylamino)-


propionitrile]
4-(Methylnitrosamino)-4-(3-pyridyl)-1-butanal [see 4-(N-Nitrosomethyl-


amino)-4-(3-pyridyl)-1-butanal]
4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone [see 4-(-Nitrosomethyl-


amino)-1-(3-pyridyl)-1-butanone]
N-Methyl-N-nitrosourea 1, 125 (1972); 17, 227 (1978);


Suppl. 7, 66 (1987)
N-Methyl-N-nitrosourethane 4, 211 (1974); Suppl. 7, 66 (1987)
N-Methylolacrylamide 60, 435 (1994)
Methyl parathion 30, 131 (1983); Suppl. 7, 66, 392


(1987)
1-Methylphenanthrene 32, 405 (1983); Suppl. 7, 66 (1987)
7-Methylpyrido[3,4-c]psoralen 40, 349 (1986); Suppl. 7, 71 (1987)
Methyl red 8, 161 (1975); Suppl. 7, 66 (1987)
Methyl selenac (see also Selenium and selenium compounds) 12, 161 (1976); Suppl. 7, 66 (1987)
Methylthiouracil 7, 53 (1974); Suppl. 7, 66 (1987);


79, 75 (2001)
Metronidazole 13, 113 (1977); Suppl. 7, 250


(1987)
Mineral oils 3, 30 (1973); 33, 87 (1984)


(corr. 42, 262); Suppl. 7, 252
(1987)
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Mirex 5, 203 (1974); 20, 283 (1979)
(corr. 42, 258); Suppl. 7, 66 (1987)


Mists and vapours from sulfuric acid and other strong inorganic acids 54, 41 (1992) 
Mitomycin C 10, 171 (1976); Suppl. 7, 67 (1987)
Mitoxantrone 76, 289 (2000)
MNNG (see N-Methyl-N′-nitro-N-nitrosoguanidine)
MOCA (see 4,4′-Methylene bis(2-chloroaniline))
Modacrylic fibres 19, 86 (1979); Suppl. 7, 67 (1987)
Monocrotaline 10, 291 (1976); Suppl. 7, 67 (1987)
Monuron 12, 167 (1976); Suppl. 7, 67


(1987); 53, 467 (1991)
MOPP and other combined chemotherapy including Suppl. 7, 254 (1987)


alkylating agents
Mordanite (see Zeolites)
Morpholine 47, 199 (1989); 71, 1511 (1999)
5-(Morpholinomethyl)-3-[(5-nitrofurfurylidene)amino]-2- 7, 161 (1974); Suppl. 7, 67 (1987)


oxazolidinone
Musk ambrette 65, 477 (1996)
Musk xylene 65, 477 (1996)
Mustard gas 9, 181 (1975) (corr. 42, 254);


Suppl. 7, 259 (1987)
Myleran (see 1,4-Butanediol dimethanesulfonate)


N


Nafenopin 24, 125 (1980); Suppl. 7, 67 (1987)
1,5-Naphthalenediamine 27, 127 (1982); Suppl. 7, 67 (1987)
1,5-Naphthalene diisocyanate 19, 311 (1979); Suppl. 7, 67


(1987); 71, 1515 (1999)
1-Naphthylamine 4, 87 (1974) (corr. 42, 253);


Suppl. 7, 260 (1987)
2-Naphthylamine 4, 97 (1974); Suppl. 7, 261 (1987)
1-Naphthylthiourea 30, 347 (1983); Suppl. 7, 263


(1987)
Neutrons 75, 361 (2000)
Nickel acetate (see Nickel and nickel compounds)
Nickel ammonium sulfate (see Nickel and nickel compounds)
Nickel and nickel compounds (see also Implants, surgical) 2, 126 (1973) (corr. 42, 252); 11,


75 (1976); Suppl. 7, 264 (1987)
(corr. 45, 283); 49, 257 (1990)
(corr. 67, 395)


Nickel carbonate (see Nickel and nickel compounds)
Nickel carbonyl (see Nickel and nickel compounds)
Nickel chloride (see Nickel and nickel compounds)
Nickel-gallium alloy (see Nickel and nickel compounds)
Nickel hydroxide (see Nickel and nickel compounds)
Nickelocene (see Nickel  and nickel compounds)
Nickel oxide (see Nickel and nickel compounds)
Nickel subsulfide (see Nickel and nickel compounds)
Nickel sulfate (see Nickel and nickel compounds)
Niridazole 13, 123 (1977); Suppl. 7, 67 (1987)
Nithiazide 31, 179 (1983); Suppl. 7, 67 (1987)
Nitrilotriacetic acid and its salts 48, 181 (1990); 73, 385 (1999)
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5-Nitroacenaphthene 16, 319 (1978); Suppl. 7, 67 (1987)
5-Nitro-ortho-anisidine 27, 133 (1982); Suppl. 7, 67 (1987)
2-Nitroanisole 65, 369 (1996)
9-Nitroanthracene 33, 179 (1984); Suppl. 7, 67 (1987)
7-Nitrobenz[a]anthracene 46, 247 (1989)
Nitrobenzene 65, 381 (1996)
6-Nitrobenzo[a]pyrene 33, 187 (1984); Suppl. 7, 67


(1987); 46, 255 (1989)
4-Nitrobiphenyl 4, 113 (1974); Suppl. 7, 67 (1987)
6-Nitrochrysene 33, 195 (1984); Suppl. 7, 67


(1987); 46, 267 (1989)
Nitrofen (technical-grade) 30, 271 (1983); Suppl. 7, 67 (1987)
3-Nitrofluoranthene 33, 201 (1984); Suppl. 7, 67 (1987)
2-Nitrofluorene 46, 277 (1989)
Nitrofural 7, 171 (1974); Suppl. 7, 67 (1987);


50, 195 (1990)
5-Nitro-2-furaldehyde semicarbazone (see Nitrofural)
Nitrofurantoin 50, 211 (1990)
Nitrofurazone (see Nitrofural)
1-[(5-Nitrofurfurylidene)amino]-2-imidazolidinone 7, 181 (1974); Suppl. 7, 67 (1987)
N-[4-(5-Nitro-2-furyl)-2-thiazolyl]acetamide 1, 181 (1972); 7, 185 (1974); 


Suppl. 7, 67 (1987)
Nitrogen mustard 9, 193 (1975); Suppl. 7, 269 (1987)
Nitrogen mustard N-oxide 9, 209 (1975); Suppl. 7, 67 (1987)
Nitromethane 77, 487 (2000)
1-Nitronaphthalene 46, 291 (1989)
2-Nitronaphthalene 46, 303 (1989)
3-Nitroperylene 46, 313 (1989)
2-Nitro-para-phenylenediamine (see 1,4-Diamino-2-nitrobenzene)
2-Nitropropane 29, 331 (1982); Suppl. 7, 67


(1987); 71, 1079 (1999)
1-Nitropyrene 33, 209 (1984); Suppl. 7, 67


(1987); 46, 321 (1989)
2-Nitropyrene 46, 359 (1989)
4-Nitropyrene 46, 367 (1989)
N-Nitrosatable drugs 24, 297 (1980) (corr. 42, 260)
N-Nitrosatable pesticides 30, 359 (1983)
N′-Nitrosoanabasine 37, 225 (1985); Suppl. 7, 67 (1987)
N′-Nitrosoanatabine 37, 233 (1985); Suppl. 7, 67 (1987)
N-Nitrosodi-n-butylamine 4, 197 (1974); 17, 51 (1978);


Suppl. 7, 67 (1987)
N-Nitrosodiethanolamine 17, 77 (1978); Suppl. 7, 67 (1987);


77, 403 (2000)
N-Nitrosodiethylamine 1, 107 (1972) (corr. 42, 251);


17, 83 (1978) (corr. 42, 257);
Suppl. 7, 67 (1987)


N-Nitrosodimethylamine 1, 95 (1972); 17, 125 (1978)
(corr. 42, 257); Suppl. 7, 67 (1987)


N-Nitrosodiphenylamine 27, 213 (1982); Suppl. 7, 67 (1987)
para-Nitrosodiphenylamine 27, 227 (1982) (corr. 42, 261);


Suppl. 7, 68 (1987)
N-Nitrosodi-n-propylamine 17, 177 (1978); Suppl. 7, 68 (1987)
N-Nitroso-N-ethylurea (see N-Ethyl-N-nitrosourea)
N-Nitrosofolic acid 17, 217 (1978); Suppl. 7, 68 (1987)
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N-Nitrosoguvacine 37, 263 (1985); Suppl. 7, 68 (1987)
N-Nitrosoguvacoline 37, 263 (1985); Suppl. 7, 68 (1987)
N-Nitrosohydroxyproline 17, 304 (1978); Suppl. 7, 68 (1987)
3-(N-Nitrosomethylamino)propionaldehyde 37, 263 (1985); Suppl. 7, 68 (1987)
3-(N-Nitrosomethylamino)propionitrile 37, 263 (1985); Suppl. 7, 68 (1987)
4-(N-Nitrosomethylamino)-4-(3-pyridyl)-1-butanal 37, 205 (1985); Suppl. 7, 68 (1987)
4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanone 37, 209 (1985); Suppl. 7, 68 (1987)
N-Nitrosomethylethylamine 17, 221 (1978); Suppl. 7, 68 (1987)
N-Nitroso-N-methylurea (see N-Methyl-N-nitrosourea)
N-Nitroso-N-methylurethane (see N-Methyl-N-nitrosourethane) 
N-Nitrosomethylvinylamine 17, 257 (1978); Suppl. 7, 68 (1987)
N-Nitrosomorpholine 17, 263 (1978); Suppl. 7, 68 (1987)
N′-Nitrosonornicotine 17, 281 (1978); 37, 241 (1985);


Suppl. 7, 68 (1987)
N-Nitrosopiperidine 17, 287 (1978); Suppl. 7, 68 (1987)
N-Nitrosoproline 17, 303 (1978); Suppl. 7, 68 (1987)
N-Nitrosopyrrolidine 17, 313 (1978); Suppl. 7, 68 (1987)
N-Nitrososarcosine 17, 327 (1978); Suppl. 7, 68 (1987)
Nitrosoureas, chloroethyl (see Chloroethyl nitrosoureas)
5-Nitro-ortho-toluidine 48, 169 (1990)
2-Nitrotoluene 65, 409 (1996)
3-Nitrotoluene 65, 409 (1996)
4-Nitrotoluene 65, 409 (1996)
Nitrous oxide (see Anaesthetics, volatile)
Nitrovin 31, 185 (1983); Suppl. 7, 68 (1987)
Nivalenol (see Toxins derived from Fusarium graminearum,


F. culmorum and F. crookwellense)
NNA (see 4-(N-Nitrosomethylamino)-4-(3-pyridyl)-1-butanal)
NNK (see 4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanone)
Nonsteroidal oestrogens Suppl. 7, 273 (1987)
Norethisterone 6, 179 (1974); 21, 461 (1979);


Suppl. 7, 294 (1987); 72, 49
(1999)


Norethisterone acetate 72, 49 (1999)
Norethynodrel 6, 191 (1974); 21, 461 (1979)


(corr. 42, 259); Suppl. 7, 295
(1987); 72, 49 (1999)


Norgestrel 6, 201 (1974); 21, 479 (1979);
Suppl. 7, 295 (1987); 72, 49 (1999)


Nylon 6 19, 120 (1979); Suppl. 7, 68 (1987)


O


Ochratoxin A 10, 191 (1976); 31, 191 (1983)
(corr. 42, 262); Suppl. 7, 271
(1987); 56, 489 (1993)


Oestradiol 6, 99 (1974); 21, 279 (1979);
Suppl. 7, 284 (1987); 72, 399
(1999)


Oestradiol-17β (see Oestradiol)
Oestradiol 3-benzoate (see Oestradiol)
Oestradiol dipropionate (see Oestradiol)
Oestradiol mustard 9, 217 (1975); Suppl. 7, 68 (1987)
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Oestradiol valerate (see Oestradiol)
Oestriol 6, 117 (1974); 21, 327 (1979);


Suppl. 7, 285 (1987); 72, 399
(1999)


Oestrogen-progestin combinations (see Oestrogens,
progestins (progestogens) and combinations)


Oestrogen-progestin replacement therapy (see Post-menopausal
oestrogen-progestogen therapy)


Oestrogen replacement therapy (see Post-menopausal oestrogen
therapy)


Oestrogens (see Oestrogens, progestins and combinations)
Oestrogens, conjugated (see Conjugated oestrogens)
Oestrogens, nonsteroidal (see Nonsteroidal oestrogens)
Oestrogens, progestins (progestogens) and combinations 6 (1974); 21 (1979); Suppl. 7, 272


(1987); 72, 49, 339, 399, 531
(1999)


Oestrogens, steroidal (see Steroidal oestrogens)
Oestrone 6, 123 (1974); 21, 343 (1979)


(corr. 42, 259); Suppl. 7, 286
(1987); 72, 399 (1999)


Oestrone benzoate (see Oestrone)
Oil Orange SS 8, 165 (1975); Suppl. 7, 69 (1987)
Opisthorchis felineus (infection with) 61, 121 (1994)
Opisthorchis viverrini (infection with) 61, 121 (1994)
Oral contraceptives, combined Suppl. 7, 297 (1987); 72, 49 (1999)
Oral contraceptives, sequential (see Sequential oral contraceptives)
Orange I 8, 173 (1975); Suppl. 7, 69 (1987)
Orange G 8, 181 (1975); Suppl. 7, 69 (1987)
Organolead compounds (see also Lead and lead compounds) Suppl. 7, 230 (1987)
Oxazepam 13, 58 (1977); Suppl. 7, 69 (1987);


66, 115 (1996)
Oxymetholone (see also Androgenic (anabolic) steroids) 13, 131 (1977) 
Oxyphenbutazone 13, 185 (1977); Suppl. 7, 69 (1987)


P


Paint manufacture and painting (occupational exposures in) 47, 329 (1989)
Palygorskite 42, 159 (1987); Suppl. 7, 117


(1987); 68, 245 (1997)
Panfuran S (see also Dihydroxymethylfuratrizine) 24, 77 (1980); Suppl. 7, 69 (1987)
Paper manufacture (see Pulp and paper  manufacture)
Paracetamol 50, 307 (1990); 73, 401 (1999)
Parasorbic acid 10, 199 (1976) (corr. 42, 255);


Suppl. 7, 69 (1987)
Parathion 30, 153 (1983); Suppl. 7, 69 (1987)
Patulin 10, 205 (1976); 40, 83 (1986);


Suppl. 7, 69 (1987)
Penicillic acid 10, 211 (1976); Suppl. 7, 69 (1987)
Pentachloroethane 41, 99 (1986); Suppl. 7, 69 (1987);


71, 1519 (1999)
Pentachloronitrobenzene (see Quintozene)
Pentachlorophenol (see also Chlorophenols; Chlorophenols, 20, 303 (1979); 53, 371 (1991)


occupational exposures to; Polychlorophenols and their sodium salts)
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Permethrin 53, 329 (1991)
Perylene 32, 411 (1983); Suppl. 7, 69 (1987)
Petasitenine 31, 207 (1983); Suppl. 7, 69 (1987)
Petasites japonicus (see also Pyrrolizidine alkaloids) 10, 333 (1976)
Petroleum refining (occupational exposures in) 45, 39 (1989)
Petroleum solvents 47, 43 (1989)
Phenacetin 13, 141 (1977); 24, 135 (1980);


Suppl. 7, 310 (1987)
Phenanthrene 32, 419 (1983); Suppl. 7, 69 (1987)
Phenazopyridine hydrochloride 8, 117 (1975); 24, 163 (1980)


(corr. 42, 260); Suppl. 7, 312
(1987)


Phenelzine sulfate 24, 175 (1980); Suppl. 7, 312
(1987)


Phenicarbazide 12, 177 (1976); Suppl. 7, 70 (1987)
Phenobarbital and its sodium salt 13, 157 (1977); Suppl. 7, 313


(1987); 79, 161 (2001)
Phenol 47, 263 (1989) (corr. 50, 385); 71,


749 (1999)
Phenolphthalein 76, 387 (2000)
Phenoxyacetic acid herbicides (see Chlorophenoxy herbicides)
Phenoxybenzamine hydrochloride 9, 223 (1975); 24, 185 (1980);


Suppl. 7, 70 (1987)
Phenylbutazone 13, 183 (1977); Suppl. 7, 316


(1987)
meta-Phenylenediamine 16, 111 (1978); Suppl. 7, 70 (1987)
para-Phenylenediamine 16, 125 (1978); Suppl. 7, 70 (1987)
Phenyl glycidyl ether (see also Glycidyl ethers) 71, 1525 (1999)
N-Phenyl-2-naphthylamine 16, 325 (1978) (corr. 42, 257);


Suppl. 7, 318 (1987)
ortho-Phenylphenol 30, 329 (1983); Suppl. 7, 70


(1987); 73, 451 (1999)
Phenytoin 13, 201 (1977); Suppl. 7, 319


(1987); 66, 175 (1996)
Phillipsite (see Zeolites)
PhIP 56, 229 (1993)
Pickled vegetables 56, 83 (1993)
Picloram 53, 481 (1991)
Piperazine oestrone sulfate (see Conjugated oestrogens)
Piperonyl butoxide 30, 183 (1983); Suppl. 7, 70 (1987)
Pitches, coal-tar (see Coal-tar pitches)
Polyacrylic acid 19, 62 (1979); Suppl. 7, 70 (1987)
Polybrominated biphenyls 18, 107 (1978); 41, 261 (1986);


Suppl. 7, 321 (1987)
Polychlorinated biphenyls 7, 261 (1974); 18, 43 (1978)


(corr. 42, 258); Suppl. 7, 322
(1987)


Polychlorinated camphenes (see Toxaphene)
Polychlorinated dibenzo-para-dioxins (other than 69, 33 (1997)


2,3,7,8-tetrachlorodibenzodioxin)
Polychlorinated dibenzofurans 69, 345 (1997)
Polychlorophenols and their sodium salts 71, 769 (1999)
Polychloroprene 19, 141 (1979); Suppl. 7, 70 (1987)
Polyethylene (see also Implants, surgical) 19, 164 (1979); Suppl. 7, 70 (1987)
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Poly(glycolic acid) (see Implants, surgical)
Polymethylene polyphenyl isocyanate (see also 4,4′-Methylenediphenyl 19, 314 (1979); Suppl. 7, 70 (1987)


diisocyanate)
Polymethyl methacrylate (see also Implants, surgical) 19, 195 (1979); Suppl. 7, 70 (1987)
Polyoestradiol phosphate (see Oestradiol-17β)
Polypropylene (see also Implants, surgical) 19, 218 (1979); Suppl. 7, 70 (1987)
Polystyrene (see also Implants, surgical) 19, 245 (1979); Suppl. 7, 70 (1987)
Polytetrafluoroethylene (see also Implants, surgical) 19, 288 (1979); Suppl. 7, 70 (1987)
Polyurethane foams (see also Implants, surgical) 19, 320 (1979); Suppl. 7, 70 (1987)
Polyvinyl acetate (see also Implants, surgical) 19, 346 (1979); Suppl. 7, 70 (1987)
Polyvinyl alcohol (see also Implants, surgical) 19, 351 (1979); Suppl. 7, 70 (1987)
Polyvinyl chloride (see also Implants, surgical) 7, 306 (1974); 19, 402 (1979);


Suppl. 7, 70 (1987)
Polyvinyl pyrrolidone 19, 463 (1979); Suppl. 7, 70


(1987); 71, 1181 (1999)
Ponceau  MX 8, 189 (1975); Suppl. 7, 70 (1987)
Ponceau 3R 8, 199 (1975); Suppl. 7, 70 (1987)
Ponceau SX 8, 207 (1975); Suppl. 7, 70 (1987)
Post-menopausal oestrogen therapy Suppl. 7, 280 (1987); 72, 399


(1999)
Post-menopausal oestrogen-progestogen therapy Suppl. 7, 308 (1987); 72, 531


(1999)
Potassium arsenate (see Arsenic and arsenic compounds)
Potassium arsenite (see Arsenic and arsenic compounds)
Potassium bis(2-hydroxyethyl)dithiocarbamate 12, 183 (1976); Suppl. 7, 70 (1987)
Potassium bromate 40, 207 (1986); Suppl. 7, 70 (1987);


73, 481 (1999)
Potassium chromate (see Chromium and chromium compounds)
Potassium dichromate (see Chromium and chromium compounds)
Prazepam 66, 143 (1996)
Prednimustine 50, 115 (1990)
Prednisone 26, 293 (1981); Suppl. 7, 326


(1987)
Printing processes and printing inks 65, 33 (1996)
Procarbazine hydrochloride 26, 311 (1981); Suppl. 7, 327


(1987)
Proflavine salts 24, 195 (1980); Suppl. 7, 70 (1987)
Progesterone (see also Progestins; Combined oral contraceptives) 6, 135 (1974); 21, 491 (1979)


(corr. 42, 259)
Progestins (see Progestogens)
Progestogens Suppl. 7, 289 (1987); 72, 49, 339,


531 (1999)
Pronetalol hydrochloride 13, 227 (1977) (corr. 42, 256);


Suppl. 7, 70 (1987)
1,3-Propane sultone 4, 253 (1974) (corr. 42, 253);


Suppl. 7, 70 (1987); 71, 1095
(1999)


Propham 12, 189 (1976); Suppl. 7, 70 (1987)
β-Propiolactone 4, 259 (1974) (corr. 42, 253);


Suppl. 7, 70 (1987); 71, 1103
(1999)


n-Propyl carbamate 12, 201 (1976); Suppl. 7, 70 (1987)
Propylene 19, 213 (1979); Suppl. 7, 71


(1987); 60, 161 (1994) 
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Propyleneimine (see 2-Methylaziridine)
Propylene oxide 11, 191 (1976); 36, 227 (1985) 


(corr. 42, 263); Suppl. 7, 328
(1987); 60, 181 (1994)


Propylthiouracil 7, 67 (1974); Suppl. 7, 329 (1987);
79, 91 (2001)


Ptaquiloside (see also Bracken fern) 40, 55 (1986); Suppl. 7, 71 (1987)
Pulp and paper manufacture 25, 157 (1981); Suppl. 7, 385


(1987)
Pyrene 32, 431 (1983); Suppl. 7, 71 (1987)
Pyridine 77, 503 (2000)
Pyrido[3,4-c]psoralen 40, 349 (1986); Suppl. 7, 71 (1987)
Pyrimethamine 13, 233 (1977); Suppl. 7, 71 (1987)
Pyrrolizidine alkaloids (see Hydroxysenkirkine; Isatidine; Jacobine;


Lasiocarpine; Monocrotaline; Retrorsine; Riddelliine; Seneciphylline;
Senkirkine)


Q


Quartz (see Crystalline silica)
Quercetin (see also Bracken fern) 31, 213 (1983); Suppl. 7, 71 


(1987); 73, 497 (1999)
para-Quinone 15, 255 (1977); Suppl. 7, 71


(1987); 71, 1245 (1999)
Quintozene 5, 211 (1974); Suppl. 7, 71 (1987)


R


Radiation (see gamma-radiation, neutrons, ultraviolet radiation,
X-radiation)


Radionuclides, internally deposited 78 (2001)
Radon 43, 173 (1988) (corr. 45, 283)
Refractory ceramic fibres (see Man-made vitreous fibres)
Reserpine 10, 217 (1976); 24, 211 (1980) 


(corr. 42, 260); Suppl. 7, 330
(1987)


Resorcinol 15, 155 (1977); Suppl. 7, 71
(1987); 71, 1119 (1990)


Retrorsine 10, 303 (1976); Suppl. 7, 71 (1987)
Rhodamine B 16, 221 (1978); Suppl. 7, 71 (1987)
Rhodamine 6G 16, 233 (1978); Suppl. 7, 71 (1987)
Riddelliine 10, 313 (1976); Suppl. 7, 71 (1987)
Rifampicin 24, 243 (1980); Suppl. 7, 71 (1987)
Ripazepam 66, 157 (1996)
Rock (stone) wool (see Man-made vitreous fibres)
Rubber industry 28 (1982) (corr. 42, 261); Suppl. 7,


332 (1987) 
Rugulosin 40, 99 (1986); Suppl. 7, 71 (1987)
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S


Saccharated iron oxide 2, 161 (1973); Suppl. 7, 71 (1987)
Saccharin and its salts 22, 111 (1980) (corr. 42, 259);


Suppl. 7, 334 (1987); 73, 517 (1999)
Safrole 1, 169 (1972); 10, 231 (1976);


Suppl. 7, 71 (1987)
Salted fish 56, 41 (1993)
Sawmill industry (including logging) (see Lumber and 


sawmill industry (including logging))
Scarlet Red 8, 217 (1975); Suppl. 7, 71 (1987)
Schistosoma haematobium (infection with) 61, 45 (1994)
Schistosoma japonicum (infection with) 61, 45 (1994)
Schistosoma mansoni (infection with) 61, 45 (1994)
Selenium and selenium compounds 9, 245 (1975) (corr. 42, 255);


Suppl. 7, 71 (1987)
Selenium dioxide (see Selenium and selenium compounds)
Selenium oxide (see Selenium and selenium compounds)
Semicarbazide hydrochloride 12, 209 (1976) (corr. 42, 256);


Suppl. 7, 71 (1987)
Senecio jacobaea L. (see also Pyrrolizidine alkaloids) 10, 333 (1976)
Senecio longilobus (see also Pyrrolizidine alkaloids) 10, 334 (1976)
Seneciphylline 10, 319, 335 (1976); Suppl. 7, 71


(1987)
Senkirkine 10, 327 (1976); 31, 231 (1983);


Suppl. 7, 71 (1987)
Sepiolite 42, 175 (1987); Suppl. 7, 71


(1987); 68, 267 (1997)
Sequential oral contraceptives (see also Oestrogens, progestins Suppl. 7, 296 (1987)


and combinations)
Shale-oils 35, 161 (1985); Suppl. 7, 339


(1987)
Shikimic acid (see also Bracken fern) 40, 55 (1986); Suppl. 7, 71 (1987)
Shoe manufacture and repair (see Boot and shoe manufacture


and repair)
Silica (see also Amorphous silica; Crystalline silica) 42, 39 (1987)
Silicone (see Implants, surgical)
Simazine 53, 495 (1991); 73, 625 (1999)
Slag wool (see Man-made vitreous fibres)
Sodium arsenate (see Arsenic and arsenic compounds)
Sodium arsenite (see Arsenic and arsenic compounds)
Sodium cacodylate (see Arsenic and arsenic compounds)
Sodium chlorite 52, 145 (1991)
Sodium chromate (see Chromium and chromium compounds)
Sodium cyclamate (see Cyclamates)
Sodium dichromate (see Chromium and chromium compounds)
Sodium diethyldithiocarbamate 12, 217 (1976); Suppl. 7, 71 (1987)
Sodium equilin sulfate (see Conjugated oestrogens)
Sodium fluoride (see Fluorides)
Sodium monofluorophosphate (see Fluorides)
Sodium oestrone sulfate (see Conjugated oestrogens)
Sodium ortho-phenylphenate (see also ortho-Phenylphenol) 30, 329 (1983); Suppl. 7, 71, 392


(1987); 73, 451 (1999)
Sodium saccharin (see Saccharin)
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Sodium selenate (see Selenium and selenium compounds)
Sodium selenite (see Selenium and selenium compounds)
Sodium silicofluoride (see Fluorides)
Solar radiation 55 (1992)
Soots 3, 22 (1973); 35, 219 (1985);


Suppl. 7, 343 (1987)
Special-purpose glass fibres such as E-glass and ‘475’ glass fibres


(see Man-made vitreous fibres)
Spironolactone 24, 259 (1980); Suppl. 7, 344


(1987); 79, 317 (2001)
Stannous fluoride (see Fluorides)
Static electric fields 80 (2002)
Static magnetic fields 80 (2002)
Steel founding (see Iron and steel founding)
Steel, stainless (see Implants, surgical)
Sterigmatocystin 1, 175 (1972); 10, 245 (1976);


Suppl. 7, 72 (1987)
Steroidal oestrogens Suppl. 7, 280 (1987) 
Streptozotocin 4, 221 (1974); 17, 337 (1978);


Suppl. 7, 72 (1987)
Strobane (see Terpene polychlorinates)
Strong-inorganic-acid mists containing sulfuric acid (see Mists and


vapours from sulfuric acid and other strong inorganic acids)
Strontium chromate (see Chromium and chromium compounds)
Styrene 19, 231 (1979) (corr. 42, 258);


Suppl. 7, 345 (1987); 60, 233
(1994) (corr. 65, 549)


Styrene-acrylonitrile-copolymers 19, 97 (1979); Suppl. 7, 72 (1987)
Styrene-butadiene copolymers 19, 252 (1979); Suppl. 7, 72 (1987)
Styrene-7,8-oxide 11, 201 (1976); 19, 275 (1979);


36, 245 (1985); Suppl. 7, 72
(1987); 60, 321 (1994)


Succinic anhydride 15, 265 (1977); Suppl. 7, 72 (1987)
Sudan I 8, 225 (1975); Suppl. 7, 72 (1987)
Sudan II 8, 233 (1975); Suppl. 7, 72 (1987)
Sudan III 8, 241 (1975); Suppl. 7, 72 (1987)
Sudan Brown RR 8, 249 (1975); Suppl. 7, 72 (1987)
Sudan Red 7B 8, 253 (1975); Suppl. 7, 72 (1987)
Sulfadimidine (see Sulfamethazine)
Sulfafurazole 24, 275 (1980); Suppl. 7, 347


(1987)
Sulfallate 30, 283 (1983); Suppl. 7, 72 (1987)
Sulfamethazine and its sodium salt 79, 341 (2001)
Sulfamethoxazole 24, 285 (1980); Suppl. 7, 348


(1987); 79, 361 (2001)
Sulfites (see Sulfur dioxide and some sulfites, bisulfites and metabisulfites)
Sulfur dioxide and some sulfites, bisulfites and metabisulfites 54, 131 (1992)
Sulfur mustard (see Mustard gas)
Sulfuric acid and other strong inorganic acids, occupational exposures 54, 41 (1992)


to mists and vapours from
Sulfur trioxide 54, 121 (1992)
Sulphisoxazole (see Sulfafurazole)
Sunset Yellow FCF 8, 257 (1975); Suppl. 7, 72 (1987)
Symphytine 31, 239 (1983); Suppl. 7, 72 (1987)
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T


2,4,5-T (see also Chlorophenoxy herbicides; Chlorophenoxy 15, 273 (1977)
herbicides, occupational exposures to)


Talc 42, 185 (1987); Suppl. 7, 349
(1987)


Tamoxifen 66, 253 (1996)
Tannic acid 10, 253 (1976) (corr. 42, 255);


Suppl. 7, 72 (1987)
Tannins (see also Tannic acid) 10, 254 (1976); Suppl. 7, 72 (1987)
TCDD (see 2,3,7,8-Tetrachlorodibenzo-para-dioxin)
TDE (see DDT)
Tea 51, 207 (1991)
Temazepam 66, 161 (1996)
Teniposide 76, 259 (2000)
Terpene polychlorinates 5, 219 (1974); Suppl. 7, 72 (1987)
Testosterone (see also Androgenic (anabolic) steroids) 6, 209 (1974); 21, 519 (1979)
Testosterone oenanthate (see Testosterone)
Testosterone propionate (see Testosterone)
2,2′,5,5′-Tetrachlorobenzidine 27, 141 (1982); Suppl. 7, 72 (1987)
2,3,7,8-Tetrachlorodibenzo-para-dioxin 15, 41 (1977); Suppl. 7, 350


(1987); 69, 33 (1997)
1,1,1,2-Tetrachloroethane 41, 87 (1986); Suppl. 7, 72 (1987);


71, 1133 (1999)
1,1,2,2-Tetrachloroethane 20, 477 (1979); Suppl. 7, 354


(1987); 71, 817 (1999)
Tetrachloroethylene 20, 491 (1979); Suppl. 7, 355


(1987); 63, 159 (1995) (corr. 65,
549)


2,3,4,6-Tetrachlorophenol (see Chlorophenols; Chlorophenols,
occupational exposures to; Polychlorophenols and their sodium salts)


Tetrachlorvinphos 30, 197 (1983); Suppl. 7, 72 (1987)
Tetraethyllead (see Lead and lead compounds)
Tetrafluoroethylene 19, 285 (1979); Suppl. 7, 72


(1987); 71, 1143 (1999)
Tetrakis(hydroxymethyl)phosphonium salts 48, 95 (1990); 71, 1529 (1999)
Tetramethyllead (see Lead and lead compounds)
Tetranitromethane 65, 437 (1996)
Textile manufacturing industry, exposures in 48, 215 (1990) (corr. 51, 483)
Theobromine 51, 421 (1991)
Theophylline 51, 391 (1991)
Thioacetamide 7, 77 (1974); Suppl. 7, 72 (1987)
4,4′-Thiodianiline 16, 343 (1978); 27, 147 (1982);


Suppl. 7, 72 (1987)
Thiotepa 9, 85 (1975); Suppl. 7, 368 (1987);


50, 123 (1990)
Thiouracil 7, 85 (1974); Suppl. 7, 72 (1987);


79, 127 (2001)
Thiourea 7, 95 (1974); Suppl. 7, 72 (1987);


79, 703 (2001)
Thiram 12, 225 (1976); Suppl. 7, 72


(1987); 53, 403 (1991)
Titanium (see Implants, surgical)
Titanium dioxide 47, 307 (1989)
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Tobacco habits other than smoking (see Tobacco products, smokeless)
Tobacco products, smokeless 37 (1985) (corr. 42, 263; 52, 513); 


Suppl. 7, 357 (1987)
Tobacco smoke 38 (1986) (corr. 42, 263); Suppl. 7,


359 (1987)
Tobacco smoking (see Tobacco smoke)
ortho-Tolidine (see 3,3′-Dimethylbenzidine)
2,4-Toluene diisocyanate (see also Toluene diisocyanates) 19, 303 (1979); 39, 287 (1986)
2,6-Toluene diisocyanate (see also Toluene diisocyanates) 19, 303 (1979); 39, 289 (1986) 
Toluene 47, 79 (1989); 71, 829 (1999)
Toluene diisocyanates 39, 287 (1986) (corr. 42, 264);


Suppl. 7, 72 (1987); 71, 865 (1999)
Toluenes, α-chlorinated (see α-Chlorinated toluenes and benzoyl chloride)
ortho-Toluenesulfonamide (see Saccharin)
ortho-Toluidine 16, 349 (1978); 27, 155 (1982)


(corr. 68, 477); Suppl. 7, 362
(1987); 77, 267 (2000)


Toremifene 66, 367 (1996)
Toxaphene 20, 327 (1979); Suppl. 7, 72


(1987); 79, 569 (2001)
T-2 Toxin (see Toxins derived from Fusarium sporotrichioides)
Toxins derived from Fusarium graminearum, F. culmorum and 11, 169 (1976); 31, 153, 279 


F. crookwellense (1983); Suppl. 7, 64, 74 (1987);
56, 397 (1993)


Toxins derived from Fusarium moniliforme 56, 445 (1993)
Toxins derived from Fusarium sporotrichioides 31, 265 (1983); Suppl. 7, 73


(1987); 56, 467 (1993)
Tremolite (see Asbestos)
Treosulfan 26, 341 (1981); Suppl. 7, 363


(1987)
Triaziquone (see Tris(aziridinyl)-para-benzoquinone)
Trichlorfon 30, 207 (1983); Suppl. 7, 73 (1987)
Trichlormethine 9, 229 (1975); Suppl. 7, 73 (1987); 


50, 143 (1990)
Trichloroacetic acid 63, 291 (1995) (corr. 65, 549)
Trichloroacetonitrile (see also Halogenated acetonitriles) 71, 1533 (1999)
1,1,1-Trichloroethane 20, 515 (1979); Suppl. 7, 73


(1987); 71, 881 (1999)
1,1,2-Trichloroethane 20, 533 (1979); Suppl. 7, 73


(1987); 52, 337 (1991); 71, 1153
(1999)


Trichloroethylene 11, 263 (1976); 20, 545 (1979);
Suppl. 7, 364 (1987); 63, 75 (1995)
(corr. 65, 549)


2,4,5-Trichlorophenol (see also Chlorophenols; Chlorophenols, 20, 349 (1979)
occupational exposures to; Polychlorophenols and their sodium salts)


2,4,6-Trichlorophenol (see also Chlorophenols; Chlorophenols, 20, 349 (1979)
occupational exposures to; Polychlorophenols and their sodium salts)


(2,4,5-Trichlorophenoxy)acetic acid (see 2,4,5-T)
1,2,3-Trichloropropane 63, 223 (1995)
Trichlorotriethylamine-hydrochloride (see Trichlormethine)
T2-Trichothecene (see Toxins derived from Fusarium sporotrichioides)
Tridymite (see Crystalline silica)
Triethanolamine 77, 381 (2000)
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Triethylene glycol diglycidyl ether 11, 209 (1976); Suppl. 7, 73
(1987); 71, 1539 (1999)


Trifluralin 53, 515 (1991)
4,4′,6-Trimethylangelicin plus ultraviolet radiation (see also Suppl. 7, 57 (1987)


Angelicin and some synthetic derivatives)
2,4,5-Trimethylaniline 27, 177 (1982); Suppl. 7, 73 (1987)
2,4,6-Trimethylaniline 27, 178 (1982); Suppl. 7, 73 (1987)
4,5′,8-Trimethylpsoralen 40, 357 (1986); Suppl. 7, 366


(1987)
Trimustine hydrochloride (see Trichlormethine)
2,4,6-Trinitrotoluene 65, 449 (1996)
Triphenylene 32, 447 (1983); Suppl. 7, 73 (1987)
Tris(aziridinyl)-para-benzoquinone 9, 67 (1975); Suppl. 7, 367 (1987)
Tris(1-aziridinyl)phosphine-oxide 9, 75 (1975); Suppl. 7, 73 (1987)
Tris(1-aziridinyl)phosphine-sulphide (see Thiotepa)
2,4,6-Tris(1-aziridinyl)-s-triazine 9, 95 (1975); Suppl. 7, 73 (1987)
Tris(2-chloroethyl) phosphate 48, 109 (1990); 71, 1543 (1999)
1,2,3-Tris(chloromethoxy)propane 15, 301 (1977); Suppl. 7, 73


(1987); 71, 1549 (1999)
Tris(2,3-dibromopropyl) phosphate 20, 575 (1979); Suppl. 7, 369


(1987); 71, 905 (1999)
Tris(2-methyl-1-aziridinyl)phosphine-oxide 9, 107 (1975); Suppl. 7, 73 (1987)
Trp-P-1 31, 247 (1983); Suppl. 7, 73 (1987)
Trp-P-2 31, 255 (1983); Suppl. 7, 73 (1987)
Trypan blue 8, 267 (1975); Suppl. 7, 73 (1987)
Tussilago farfara L. (see also Pyrrolizidine alkaloids) 10, 334 (1976)


U


Ultraviolet radiation 40, 379 (1986); 55 (1992)
Underground haematite mining with exposure to radon 1, 29 (1972); Suppl. 7,  216 (1987)
Uracil mustard 9, 235 (1975); Suppl. 7, 370 (1987)
Uranium, depleted (see Implants, surgical)
Urethane 7, 111 (1974); Suppl. 7, 73 (1987)


V


Vat Yellow 4 48, 161 (1990)
Vinblastine sulfate 26, 349 (1981) (corr. 42, 261);


Suppl. 7, 371 (1987)
Vincristine sulfate 26, 365 (1981); Suppl. 7, 372


(1987)
Vinyl acetate 19, 341 (1979); 39, 113 (1986);


Suppl. 7, 73 (1987); 63, 443 (1995)
Vinyl bromide 19, 367 (1979); 39, 133 (1986);


Suppl. 7, 73 (1987); 71, 923 (1999)
Vinyl chloride 7, 291 (1974); 19, 377 (1979)


(corr. 42, 258); Suppl. 7, 373
(1987)


Vinyl chloride-vinyl acetate copolymers 7, 311 (1976); 19, 412 (1979)
(corr. 42, 258); Suppl. 7, 73 (1987)
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4-Vinylcyclohexene 11, 277 (1976); 39, 181 (1986)
Suppl. 7, 73 (1987); 60, 347 (1994)


4-Vinylcyclohexene diepoxide 11, 141 (1976); Suppl. 7, 63
(1987); 60, 361 (1994)


Vinyl fluoride 39, 147 (1986); Suppl. 7, 73
(1987); 63, 467 (1995)


Vinylidene chloride 19, 439 (1979); 39, 195 (1986);
Suppl. 7, 376 (1987); 71, 1163
(1999)


Vinylidene chloride-vinyl chloride copolymers 19, 448 (1979) (corr. 42, 258);
Suppl. 7, 73 (1987)


Vinylidene fluoride 39, 227 (1986); Suppl. 7, 73
(1987); 71, 1551 (1999)


N-Vinyl-2-pyrrolidone 19, 461 (1979); Suppl. 7, 73
(1987); 71, 1181 (1999)


Vinyl toluene 60, 373 (1994)
Vitamin K substances 76, 417 (2000)


W


Welding 49, 447 (1990) (corr. 52, 513)
Wollastonite 42, 145 (1987); Suppl. 7, 377


(1987); 68, 283 (1997)
Wood dust 62, 35 (1995)
Wood industries 25 (1981); Suppl. 7, 378 (1987)


X


X-radiation 75, 121 (2000)
Xylenes 47, 125 (1989); 71, 1189 (1999)
2,4-Xylidine 16, 367 (1978); Suppl. 7, 74 (1987)
2,5-Xylidine 16, 377 (1978); Suppl. 7, 74 (1987)
2,6-Xylidine (see 2,6-Dimethylaniline)


Y


Yellow AB 8, 279 (1975); Suppl. 7, 74 (1987)
Yellow OB 8, 287 (1975); Suppl. 7, 74 (1987)


Z


Zalcitabine 76, 129 (2000)
Zearalenone (see Toxins derived from Fusarium graminearum,


F. culmorum and F. crookwellense)
Zectran 12, 237 (1976); Suppl. 7, 74 (1987)
Zeolites other than erionite 68, 307 (1997)
Zidovudine 76, 73 (2000)
Zinc beryllium silicate (see Beryllium and beryllium compounds)
Zinc chromate (see Chromium and chromium compounds)
Zinc chromate hydroxide (see Chromium and chromium compounds)
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Zinc potassium chromate (see Chromium and chromium compounds)
Zinc yellow (see Chromium and chromium compounds)
Zineb 12, 245 (1976); Suppl. 7, 74 (1987)
Ziram 12, 259 (1976); Suppl. 7, 74


(1987); 53, 423 (1991)
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Comparative Hazards of Chrysotile Asbestos and Its Substitutes:
A European Perspective
Paul T.C. Harrison,1 Leonard S. Levy,1 Graham Patrick,2 Geoffrey H. Pigott,3 and Lewis L. Smith2,*
1Medical Research Council Institute for Environment and Health, University of Leicester, Leicester, United Kingdom; 2Medical Research
Council Toxicology Unit, University of Leicester, Leicester, United Kingdom; 3Alderley Edge, Cheshire, United Kingdom


Although the use of amphibole sbestos (crocidolite and amouite) has been banned in most
European countries because of its known effects on the lung and pleura, chrysotile asbestos
remains in use in a number ofwidely used products, notably asbestos cement and.fricton
in vehicle brakes and dutches. A. an on chrysotile throout the Eurpean Union for these
remaining applications is currentl under consideration, but this requires confidence in the safety
of substitute materials. The main substitutes for the residual uses of chrysotile are p-aranmid,
polyvinylalcohol (PVA), and cellulose fibers, and it is these maeas t are evauated here.
Because it crtically affcts both posure concentrations and deposiiin the lung diameter is a
ke deteminant of the intrinsic hazard of a fiber, the proenity of a matial to reeas fibers
intO the air is also important. It is generaly acceptd that be pathgeic to the lung or pleura,
fibers must be long, thin, and durable; fiber cemistry may aso be ifiat The bic prind-
pies are used a p atic way o form ajj eet on the relative. sfetyof the sbstitute mate-
rials, taking into account is known about their hazardous and also the potentil
for uncontrolled exposures during a lifetime of use (includi disposal). We condude that
chrysotile asbestos is intrinsicalby morehous than p-aamid, PVA, or cellulose fibers and that
its continued use in asbtoscement products and friction material is not justifiae n the face
of available technicaly adequate substitutes. Key worr aramid, abestos, cacer cellulose,
chryotile, fibrosis, hazards, PVA, substiute fibers. Environ Healt Perps 107:607-611 (1999).
[Online 24 Junc 19991
httpa//ehpntl.nieh.niigr/ldoaec999/107p607-6 llhanisWnabwhsbrsml


Concern about asbestos stems from the iden-
tification in the 1930s onward of asbestosis,
lung cancer, and mesothelioma in workers in
the asbestos industries. In the 1960s it was
recognized that the amphibole forms, mainly
crocidolite and amosite, were the most haz-
ardous in relation to mesothelioma, and
their use was subsequently banned in the
United Kingdom and elsewhere. More
recently some countries have also banned
chrysotile, and a European Union (EU) ban
is currently under consideration. Although it
is still used in the United Kingdom and
some other member states, there has been
continuing progress in replacing chrysotile
with substitute fibrous materials or by alter-
native technology. Thus in 1975 the total
amount of chrysotile imported into the
United Kingdom was 191,740 metric tons;
by 1997 this had fallen to 4,820 metric tons.
Until its use was restricted, chrysotile was a
component of numerous products including
various building materials. The remaining
applications are mainly in asbestos cement
and friction materials.


In this paper we present reasoned scientif-
ic arguments and judgments on the substitu-
tion of chrysotile for these specific purposes; a
comprehensive review of all the available data
is not presented here. The paper is based on a
case that was prepared for the UK Health and
Safety Commission (London), and was in turn


submitted to the European Commission
(Brussels). The appropriate independent scien-
tific committee of the European Commission
has since adopted a broadly similar conclusion,
and discussions are now under way for the
issuance of a new policy statement. This paper
was written from a European perspective,
drawing largely from UK conditions and
experiences. The conclusions, however, will
doubtless be of interest and relevance in many
countries worldwide.


This paper specifically addresses the
main substitutes for the remaining residual
uses of chrysotile, i.e., p-aramid, polyvinyl
alcohol (PVA), and cellulose, and therefore
does not cover substitute materials already
widely used for thermal and sound insula-
tion, such as glass and other man-made min-
eral fibers. Finally, the paper focuses only on
health impacts and does not attempt a cost-
benefit analysis.


Chrysotile Substitutes
The nature and uses of chrysotile substitutes
have been reviewed by Hodgson (1).
Alternatives to chrysotile have always been
available, including PVC and sheet metal to
replace asbestos cement, and metal gaskets and
calcium-silicate insulating boards. Substitution
of asbestos involves the use of other fibers in
place of chrysotile, and for nearly three
decades there has been a requirement for all


UK asbestos users to actively seek substi-
tutes (2). In the EU chrysotile has been clas-
sified as a category 1 carcinogen [Dangerous
Substances Directive, 671548/EEC; (3)]. In
the United Kingdom this led to the Control of
Asbestos at Work Regulations (4). The main
nonasbestos fibers that are currently being
exploited in the United Kingdom as substi-
tutes for the remaining uses of chrysotile
asbestos are PVA, aramid fibers, and cellulose.


Products for Which Asbestos
Can Be Substituted
Asbestos-cementproducts. The major asbestos-
cement products are profiled sheet, flat sheet,
and building board, slates, pressure pipes, and
molded goods. Most commonly, PVA and
cellulose are used as substitutes, particularly
for sheet and slates. Polyacrylonitrile (PAN)
or glass fiber may also be used. PVA and
PAN require the inclusion of cellulose pulp
for conventional asbestos-cement manufac-
turing processes. High-quality cellulose has
good potential as a substitute fiber. Its rein-
forcing properties can be improved by
increasing the loading relative to that used for
asbestos, or by incorporating synthetic fiber
such as PVA. The temperature resistance is
not as good as for asbestos cement, but can
be enhanced by the addition of mica or the
natural mineral wollastonite. Substitute
fibers do not appear promising for pressure
pipes because of strength requirements, but
alternative materials may be used, e.g.,
unplasticized polyvinyl chloride.


Friction materiak. There are three major
friction products-brake linings, brake pads,
and clutch facings. The composition of
asbestos-based products is complex for all
these applications, which have been devel-
oped to perform under extreme forces and
temperatures without failing. A typical
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asbestos brake lining would be composed of
40% chrysotile with over 20 other compo-
nents, including phenolic resins. The pre-
dominant substitute for chrysotile in friction
products is aramid fiber, although PAN, other
fibers, and some metal and semi-metallic
materials are also used, often in combination.


Gaskets and sealing materials. Gaskets
made from compressed asbestos fiber are
widely used in turbines, compressors, and
motor vehicle engines. A wide range of sub-
stitutes has been and is being developed,
including aramid fiber in conjunction with
other fibers such as cellulose pulp or glass
fiber with various mineral fillers.


Seals include dry packings and impreg-
nated packings. The former are used as barri-
ers to flame spread in static sealing applica-
tions, such as around furnace and kiln doors
and around floodlight lamps. Glass yarn and
mineral wools are available as substitutes in
these applications. Impregnated packings pro-
vide a seal between moving surfaces, e.g., in
compressors, pumps, and valves. Substitutes
for asbestos include aramid fiber, aramid fiber
in combination with graphite or polytetraflu-
oroethylene (PTFE), carbon fiber, glass fiber,
and glass fiber impregnated with PTFE.


Composites. Asbestos and a range of other
fibers are used in the production of ther-
mosetting and thermoplastic composites that
have important engineering applications.
Although no single fiber type matches
asbestos in all its properties, numerous substi-
tutes are being introduced, including aramid
fiber, glass fiber, carbon fiber, cotton, organic
fibers, man-made mineral fibers, and particu-
late mineral fillers.


Heat-resistant textiles. Fibers woven into
heat-resistant textiles must withstand tem-
peratures of 200-1200°C, and in some cases
molten metal splash, welding sparks, and
naked flame. Asbestos has a service tempera-
ture of approximately 600°C. Refractory
fibers are used at higher temperatures and
synthetic organic fibers at lower tempera-
tures. Various blends of organic, glass, metal,
and synthetic fibers have also been developed
for particular applications.


General Perspectives on Fiber
Hazards
In this paper we are primarily concerned
with fibrogenic and carcinogenic properties
of fibers. It is generally accepted that to be
pathogenic, fibers must be long, thin, and
durable, although there is no consensus on
the qualifying values of these parameters.
Other factors such as fiber chemistry may
also contribute to pathogenicity; this must
be considered when deliberating the use of
substitute fibers.


Fiber diameter is the major determinant
of the falling speed in air, and hence of the


fiber concentration where the aerosol is gen-
erated. The diameter also determines the
probability that individual fibers will deposit
in the alveolar region of the lung: mineral
fibers larger than approximately 3 pm diam-
eter are too large to reach the alveoli and
deposition there is maximal at approximately
1 pm diameter, whereas in the ciliated air-
ways these values are slightly larger. Because
it critically effects both exposure concentra-
tions and deposition, diameter should be
considered a primary component of the
intrinsic hazard of a fiber.


Once fibers have been inhaled, the inte-
grated dose to the lung depends on their
biopersistence, which is a function both of
their durability and of lung clearance. Long
fibers in the alveoli and nonciliated airways
are removed only slowly by macrophages, so
that durability is the principal determinant of
their residence time. However, durability can
be viewed in two ways. The first is resistance
to dissolution in the lung, which is largely
determined by the chemical composition of
the fiber concerned. The second aspect of
fiber durability is fragmentation (transverse
breakage) in the lung. Mesothelioma induc-
tion requires a minimum fiber length. The
minimum length is generally accepted as at
least 8 pm although most workers would
support a figure of 10 pm, and the true value
may be closer to 20 pm (5). The induction of
fibrosis is also more readily induced by long
fibers. For pathogenicity in general, it is safe
to assume that fibers < 4-5 pm in length are
no more hazardous than the same material in
nonfibrous form. Thus, if fibers fragment,
they will be both less pathogenic and more
readily removed.


The majority of fibrous products are pro-
duced in bulk form, often as wool or blanket,
with staple lengths that may be measured in
centimeters. Fiber dustiness, i.e., the ability
of these products to fragment and release
dust into the air, is an important determinant
of hazard. It depends on the breakage rate of
the filaments, which is a function of a) stiff-
ness, b) resistance to shear, c) whether the
fractures are propagated lengthways or trans-
versely, and a) the respirability of the result-
ing fibrous dust. However, the effect of fiber
geometry and composition on dustiness is
not always easy to predict. Many composite
materials bind fibers so that they cannot be
released in normal use, although some may
be released when the material is cut or abrad-
ed. Similarly, many fiber preparations con-
tain binder or dust-suppression agents that
inhibit fiber release.


In addition, in the case of fiber cement,
such features as the weathering rate and its
effect on the propensity to release fiber, the
extent to which the composite may be used
in a given situation or location, and whether


the material is intended for indoor or out-
door use, will all have major consequences
on both the exposure potential and the likely
exposure rate.


Hazardous Properties of
Chrysotile
The diseases associated with exposure to dif-
ferent forms of mineral fiber have been well
characterized, although the mechanisms are
still under investigation. The most impor-
tant outcomes are diffuse interstitial fibrosis
(asbestosis), lung cancer, and mesothelioma.
Although it is not our intention to review all
of the toxicologic properties and health
effects of chrysotile, some observations are


pertinent to the present comparison with
substitute fibers.


Chrysotile is intrinsically hazardous
because of its propensity to split longitudinal-
ly and produce thin respirable fibers (Figure
1). It is also moderately durable in the lung.


The carcinogenicity of chrysotile cannot
be considered without taking into account
the presence of varying concentrations of the
fibrous amphibole tremolite, especially in
the Canadian product. Few would dispute
that tremolite is more carcinogenic than
chrysotile on a weight-for-weight basis, part-
ly or perhaps largely because of its greater
durability. However, it has been claimed
that mesotheliomas arising in asbestos work-
ers are mainly attributable to tremolite (the
amphibole hypothesis), and some would
extend this to include lung tumors.


There is general agreement that chryso-
tile itself, whether contaminated with
amphiboles or not, can cause lung cancer.
Evidence for this comes from epidemiologic
studies of workers who have been exposed to


high levels of asbestos, and from studies on


experimental animals that have used even


higher dust concentrations.
One of the largest epidemiologic studies


is that by McDonald and co-workers (6) on
11,000 Quebec miners and millers. This
cohort study has recently been updated and
is now essentially complete (6). It shows a
clear excess of lung cancer in the three high-
est exposure groups. However, the 38
mesothelioma cases observed could not be
related to exposure levels in the same way
(7). From the latest analyses, the evidence
relating to mesothelioma supports the
amphibole hypothesis but cannot prove it.
This is because we do not know the time-


integrated lung doses of tremolite and
chrysotile over the lifetimes of these workers
and because epidemiologic evaluations pro-
vide proof of association but not cause.


A higher rate of lung cancer was found
in the study of textile workers in Charleston,
South Carolina (8). These workers were
exposed to chrvsotile from Q2uebec. 1 be
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excess lung cancer was best described by a
dose-response relationship in which the rela-
tive risk increased linearly with exposure (8).
The slope of the dose-response curve was
over 10 times greater than the slope derived
from the study of the Quebec workers, and
this has been subject to various explanations.
There were hardly any cases of mesothe-
lioma, which, bearing in mind that most of
the tremolite was removed during process-
ing, supports the contention that this type of
tumor is not caused by chrysotile.


Among asbestos-cement workers there
have been some reported increases in the
incidence of both lung cancer and mesothe-
lioma, although at least some of these may
be attributed to previous or concomitant
crocidolite exposure. Most studies have not
found increases in mesothelioma in either
the asbestos-cement or the friction material
industries [reviewed by Meldrum (9)].


The question of whether there is a
threshold dose has not been settled by exper-
imental work, any more than by epidemio-
logic studies. Results with intrapleural and
intraperitoneal injection of mineral fibers are
consistent with a threshold for the induction
of mesothelioma. Much of the lung cancer
data can be fitted by simple dose-response
curves that do not include a threshold.
However, there have been other experiments
where chrysotile failed to produce any
tumors even at high doses (9). The statistical
requirements to demonstrate a threshold in a
convincing manner are not easily met
because very large numbers of animals are
needed for the low-dose groups. This has
been well illustrated in a study by Sanders et
al. (10) for lung cancer induced by inhaled
plutonium dioxide. In this study a threshold
was clearly demonstrated, but only by using
large numbers of animals (> 1,000) in both
the zero-dose (control) group and the lowest
dose group. No such study has been under-
taken for asbestos or any other type of
mineral fiber.


A number of epidemiologic studies of
lung cancer have investigated whether there
is interaction between asbestos exposure and
cigarette smoking. Most of the studies
involved populations exposed to amphiboles
as well as chrysotile. The data are best
described by a multiplicative (synergistic)
interaction between asbestos and cigarette
smoke (11). Rats that were injected with N-
nitrosoheptamethyleneimine, a specific lung
carcinogen, and inhaled chrysotile produced
pulmonary tumors and hyperplastic respons-
es in an apparently synergistic fashion (12).
Unlike lung cancer, there appears to be no
association between mesothelioma and ciga-
rette smoking.


High doses of chrysotile are also both
inflammatory and fibrogenic. It is generally
agreed that asbestos will not cause cancer
without prior chronic inflammation, but
there is less consensus on whether this must
progress to fibrosis. Although both asbestosis
and lung cancer in humans can be induced
by exposure to chrysotile, there is no agree-
ment as to whether the two diseases run in
parallel because of a common cause-inflam-
mation (13)-or whether the development of
frank fibrosis is a prerequisite for increased
cancer incidence (14). In an extensive review,
Henderson et al. (15) confirmed this lack of
agreement, but noted a change in the balance
of evidence in favor of the view that the fiber
load itself is the main determinant for lung
carcinogenesis. Asbestosis and lung cancer
have broadly similar dose-response relation-
ships, similar latent periods, and depend in
the same way on fiber length [reviewed by
Meldrum (9)].


Hazardous Properties of
Substitute Fibers
It is important to realize that the volume of
information available for the substitute fibers
will always be less than that for chrysotile,
especially regarding effects on humans. This is
because of their relatively recent introduction


and the fact that occupational exposures are
not likely to match the high levels seen in the
past with asbestos.


PVAfibers. The diameter of PVA fibers,
as manufactured, is well above the respirable
limit and most of them are not inhalable.
They have a lower density (- 1.3) as com-
pared to mineral fibers, so that the res-
pirable limit for PVA will be approximately
7 pm, versus 3 pm for mineral fibers.
Nevertheless, the fibers are mostly in the
range of 10-16 pm diameter. There is evi-
dence that they do not fibrillate (split
lengthwise). Many of the particles seen in
the atmosphere are nonfibrous.


Although the published toxicologic infor-
mation on PVA is relatively sparse, the parent
material has been used extensively in surgery
and has food contact clearance (16), presum-
ably based on unpublished studies. Indications
of an accumulation of oligomers in the kidney
in some circumstances [e.g., Carver (17)]
mean that the spectrum of molecular weight
of material in the fibers as used should be con-
sidered, especially if a smaller diameter materi-
al were to be produced. The material will
degrade only slowly, if at all, in the lungs.


Thus, substitution of PVA for asbestos
fibers in products such as asbestos cement
should result in reduced exposures. This pre-
diction has been confirmed in industrial
applications where very low fiber counts have
been experienced. Misuse of installed materi-
al would not result in significant exposure.


Aramidfibers. Aramid fibers are also of
predominantly coarse diameter (10-12 pm
diameter as produced) and thus above the
respirable limit, corrected for density, of 6-7
pm diameter. However, respirable fibrils of
approximately 0.2 pm diameter are present
on the surface of the fibers as produced, and
can be liberated in operations with a high-
energy input. The fibers do not fibrillate
under pressure, although there is the poten-
tial to liberate fibrous wear fragments when
shear forces are applied.


Figure 1. Chrysotile asbestos fibers seen by scanning electron microscopy. Note the fine, curly fibrils that are readily formed from chrysotile.
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In recent studies p-aramid fibrils were
less biopersistent overall than chrysotile in
both rat and hamster lung (18-21). The
longer aramid fibrils tended to fragment,
unlike the longer chrysotile fibers that were
therefore preferentially retained. High doses
of p-aramid caused a small increase in lung
cell proliferation, which disappeared by 5
days after the end of the exposure period in
the rat, and by 1 month in the hamster. At
the same level of exposure, chrysotile
markedly increased cell proliferation in air-
way, alveolar, and subpleural tissue during
0-3 months postexposure (20-22).


Other animal experiments have shown
fibrosis in response to high doses of aramid,
but the associated proliferative keratinizing
cysts are generally considered irrelevant for
human risk assessment because there is no
equivalent lesion in humans and because they
occur in rats only at levels where lung clear-
ance mechanisms are severely inhibited (16).
Mesothelioma incidence in rats following
intraperitoneal injection of fibrils is below the
level normally considered positive, but some
researchers consider there is a marginal effect.
In this respect the fiber is no worse than
chrysotile, where mesothelioma induction by
pure fiber is at most a weak association.


On balance, the use of aramid fibers
should result in reduced levels of fiber expo-
sure as compared to chrysotile asbestos and
the fibrils released will be no more toxic and
will be less biopersistent. The predicted
reduction in absolute exposure levels has
been achieved in industrial practice. Misuse
of installed material would not be expected
to give significant exposures.


Cellulose fibers. Cellulose fibers are pro-
duced from a variety of natural sources and
are reportedly predominantly nonrespirable,
although experimental studies as well as
industrial surveys have shown some potential
to produce respirable fibers (23). The extent
of fibrillation is not established but remains a
possibility. In the UK fiber-cement industry
the process is less dusty than processes using
chrysotile, and the majority of fiber counts
are less than 0.05 fibers/mL, although occa-
sional peaks up to 0.2 fibers/mL may occur.


Cellulose has been used in the paper
industry for hundreds of years with little evi-
dence of disease, even at relatively high
exposure levels. Although there is limited epi-
demiologic evidence of an increase in the lung
cancer rate, smoking was not corrected for, so
the etiology is uncertain (24). Wood dust has
been associated with sinonasal cancer, but
mainly for certain hardwoods; softwood was
less potent or inactive, suggesting that the cel-
lulose content was not the primary cause.
Similarly, extensive reports of byssinosis in the
cotton-processing industry are associated with
contaminants rather than pure cellulose fiber.


Recent experimental evidence has shown
that cellulose fiber is more biopersistent than
chrysotile in the rat (25), but the lungs would
have been overloaded by the high doses used,
and clearance probably thereby impaired (26).


The toxicity of cellulose fibers has recently
been reviewed (24). For a material with such
wide application there are surprisingly few
experimental data. The fibers were toxic to
mouse macrophages in vitro, as shown by the
release of lactic dehydrogenase. This was not
confirmed subsequently with rat macro-
phages, although a high dose of cellulose did
cause a transient inflammatory response in
vivo (27). Cellulose fibers were as effective as
chrysotile and crocidolite in stimulating
macrophages to release inflammogenic sub-
stances such as interleukin-1, and were more
effective than asbestos in stimulating the
release of prostaglandins. In another recent
study, cellulose instilled into rat lung pro-
duced a persistent granulomatous response
(28), but again the high dose used would cer-
tainly have caused overload and thus inhibit-
ed normal clearance by macrophages. The
inflammatory response to cellulose may also
apply to nonfibrous material, although at low
doses this will be removed more readily than
long fibers by alveolar macrophages and
mucociliary clearance.


On balance, the coarse fiber structure
and the long experience in use indicate that
substitution of cellulose fiber for chrysotile
asbestos should result in reduced occupa-
tional exposures to fiber and lower levels of
deposition in the lung. The apparent bioper-
sistence of cellulose in the lung would be a
possible cause for concern if the potential for
limited lung damage is confirmed.


Exposure Levels
In UK industry, exposure to bulk chrysotile
fiber is restricted to a small number of loca-
tions where the material is received and
prepared for admixture with other compo-
nents of the final product. The general public
is exposed environmentally from geological
outcrops, as well as from installed asbestos-
containing products, mostly in buildings.
The latter exposures are usually minimal,
except where there is prolonged contact with
installed materials in poor condition (5).


There are other groups for which potential
exposure to asbestos is more difficult to define.
These include occupationally exposed individ-
uals, typically in building maintenance, or
people engaged in home improvement as a
leisure activity. Paraoccupational activity such
as laundry of contaminated clothing also falls
into this category. In the past, such exposures
may have been poorly controlled, and have
probably contributed to the current elevated
incidence of mesothelioma in some building
and maintenance trades (29).


For substitute fibers, the general consid-
erations relating to exposures and potentially
exposed groups are similar to those for
chrysotile. The best practice in UK industry,
results in minimal fiber exposure levels in the
workplace, especially for cellulose. Cellulose
is available for supply to the cement industrn
as sheets or briquets, which are placed direct-
ly into water. PVA is imported and supplied
in bales; fiber counts can be readily main-
tained below 0.05 fibers/mI. Iln friction
product manufacture, substitute fibers are
generally handled and monitored by the
same practices developed for asbestos, and
fiber counts kept below the same limits. If
this is maintained, exposure to aramid fibers
will be no greater than for asbestos, so that
the resultant risk will be less.


Conclusions
There are now practicable substitutes for the
major remaining uses of chrysotile. Although
lack of a full health and toxicologic data set
precludes a comprehensive assessment of thc
safety of substitute fibers, the application of
basic principles of fiber toxicology enables a
pragmatic decision to be made on the rela-
tive safety of potential substitutes. Our judg-
ment is based on relative considerations of
the intrinsic properties of fibers, on the path-
ogenicity of chrysotile in comparison with
that of substitute fibers, and on the potential
for uncontrollable exposures. The three
parameters of dose, dimension (especially
diameter), and durability are key to deter-
mining the differential hazards. Due consid-
eration of these factors leads us to the follow-
ing conclusions regarding chrysotile and its
main substitutes.


Chrysotile per se can cause lung cancer
and asbestosis; it is less clear that chrysotile
alone can also cause mesothelioma in
humans, and indeed it may not, whereas
tremolite and other amphiboles certainly can
do so. There is no definitive evidence for a
threshold exposure level for lung cancer
induction, although some studies suggest that
a threshold does exist.


The intrinsic hazardous properties of
chrysotile can never be "engineered out," and
the potential for harm will always remain.
Prevention of ill-health will thus always rely
on the control of exposure, something that
history has shown cannot be guaranteed.


Unlike chrysotile, substitute fibers can
often be designed or selected to have particu-
lar characteristics. Criteria for the substitu-
tion of asbestos by other fibers include a) the
substitute fibers are not in the respirable
range, do not readily fibrillate, and/or are less
durable than chrysotile; b) other materials
that must be incorporated into the replace-
ment product do not, in combination with
the replacement fiber, produce mote harm
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overall than chrysotile alone; c) the replace-
ment product has an equivalent or acceptable
performance; and d) substitution would
result in overall lower fiber exposures during
manufacture and use and disposal, taking
into account likely exposures. The same gen-
eral principles can be applied to substitute
fibers other than those considered here.


We judge that PVA fibers will pose less
risk than chrysotile because they are general-
ly too large to be respirable, do not fibrillate,
and the parent material causes little or no tis-
sue reaction. Aramid fibers have a reduced
potential for exposure when compared to
chrysotile because they are generally of high
diameter and the production of respirable
fibrils is energy intensive. The fibrils are less
pathogenic than chrysotile, are less biopersis-
tent, and are biodegradable. Cellulose has
the benefit of long experience of use in a
variety of industries without having raised
significant concern. The potential for the
generation of respirable fibers seems to be
less than is the case for chrysotile, although
fibrillation is possible. Cellulose is durable in
the lung, and its biological properties should
therefore be investigated further. However,
exposure levels for current uses are low, and
it is biodegradable in the environment.


We believe that the continued use of
chrysotile in asbestos-cement products is not
justifiable in the face of available and techni-
cally adequate substitutes. Likewise, there
seems to be no justification for the continued
residual use of chrysotile in friction materials.
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Executive Summary 


Seven expert panelists reviewed and discussed the state of the science on how fiber length relates 


to toxicity of asbestos and synthetic vitreous fibers (SVFs)—an issue relevant to the Agency for 


Toxic Substances and Disease Registry’s (ATSDR’s) ongoing work at several sites where fiber 


contamination is found in or near residential neighborhoods. The expert panelists included 


epidemiologists, pathologists, physicians, hygienists, pulmonologists, and toxicologists. During a 


2-day meeting in October 2002 in New York City, the panelists thoroughly discussed the 


physiological fate of structures less than 5 micrometers (µm) in length having aspect ratios 


greater than 3:1, health effects of asbestos and SVFs of the same dimensions, and research needs. 


The panelists’ main findings and recommendations are listed below. The remainder of this report 


summarizes the discussions and observations that led to these findings, and reviews the panelists’ 


comments on many topics not listed in this executive summary. This report provides insights and 


advice on how to interpret exposures to asbestos and SVFs less than 5 µm in length based on 


panelist discussions; however, the contents of this report should not be considered ATSDR 


policy. 


#	 Factors that influence toxicity. Health effects from asbestos and SVFs ultimately are 
functions of fiber dose, fiber dimension (length and diameter), and fiber durability or 
persistence in the lung (as determined by the mineral type, the amorphous or crystalline 
structure, and the surface chemistry). 


#	 Fibers or particles? Some panelists questioned why structures less than 5 µm long, 
regardless of their aspect ratio, were referred to as “fibers.” This report refers to structures 
less than 5 µm long as “fibers,” while acknowledging that some expert panelists have 
reservations about this terminology. 


#	 Deposition and retention of short fibers. The lung depositional patterns of fibers less 
than 5 µm long have been well established and depend almost entirely on fiber width. For 
short fibers with diameters between 0.1 and 1.6 µm, total lung deposition in healthy 
people will be between 10% and 20% of what is inhaled, with most of that deposition 
occurring in the deep lung; the fibers that do not deposit will be exhaled. For short fibers 


v 







with diameters less than 0.1 µm, a greater proportion will deposit and there will be a 
somewhat greater proportion of deposition in the proximal airways. 


The short fibers can be cleared from the lung by various mechanisms, depending on where 
the fibers deposit. Fibers depositing on the surface of conductive airways (i.e., the 
tracheobronchial region) are efficiently cleared by the mucociliary escalator, generally 
within 24 hours. Many of the short fibers that reach the gas exchange region of the lung 
are cleared by alveolar macrophages, and the rate of clearance by phagocytosis has been 
found to vary with fiber length and to differ across mammalian species. One panelist, for 
instance, cited studies of mice and rats suggesting that phagocytosis clears short fibers 
from the alveolar regions of the lung within a few weeks following exposure. On the other 
hand, another panelist noted that researchers have established that alveolar macrophage 
mediated clearance in human lungs takes considerably longer (retention half-times of 400 
to 700 days). Overall, panelists noted that rodents clear short fibers from their lungs 
approximately 10 times faster than do humans. Deposition and retention patterns may 
differ in people with impaired capacities to clear foreign material from their lungs. The 
extent to which short fibers preferentially translocate from the gas exchange region to the 
pleura is not well known. 


#	 Cancer effects of short fibers. Given findings from epidemiologic studies, laboratory 
animal studies, and in vitro genotoxicity studies, combined with the lung’s ability to clear 
short fibers, the panelists agreed that there is a strong weight of evidence that asbestos and 
SVFs shorter than 5 µm are unlikely to cause cancer in humans. 


#	 Noncancer effects of short fibers. The laboratory animal studies, epidemiologic studies, 
and in vitro studies generally suggest that asbestos and SVF pathogenicity increases with 
fiber length, but there are several notable exceptions. In laboratory animals, for example, 
short asbestos and SVFs at sufficiently high doses have been shown to cause 
inflammation, pulmonary interstitial fibrosis, and pleural reactions; however, the doses 
needed to cause these effects in humans may not be relevant to environmental exposures. 
In humans, four epidemiologic studies (Churg et al. 1989, 1990; Nayebzadeh et al. 2001; 
Case 2002b) involving highly exposed workers found that pulmonary interstitial fibrosis is 
correlated with the amount of short fibers in the lung at death; some researchers have 
hypothesized that this apparent association is explained by long fibers breaking down into 
shorter fibers between exposure and the time at which lung samples were collected. 
Finally, at least two in vitro studies (Ye et al. 1999, 2001) have found that short fibers are 
at least as active as, if not more active than, long fibers on a surface area or mass basis for 
multiple endpoints (e.g., tumor necrosis factor-alpha [TNF-] production, activation of 
TNF- gene promoter activity); however, the relevance of these in vitro findings to health 
effects in vivo is not known. Taken together, the findings from the laboratory animal, 
epidemiologic, and in vitro studies suggest that short fibers may be pathogenic for 
pulmonary fibrosis, and further research is needed to clarify this issue. 
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#	 Research needs and recommendations. Throughout the meeting, the panelists identified 
data gaps and made recommendations for filling them. Some recommendations addressed 
issues specific to sites (e.g., Libby, Montana; Lower Manhattan) with concerns about short 
fibers in residential communities. These recommendations are listed in Section 4.1. The 
panelists’ recommendations for general research projects follow, in no particular order: 


	 Encourage increased use of sampling human lung tissue or other biological 
indices, such as sputum collection, in known or suspected human exposure 
situations to improve both qualitative and quantitative exposure assessment. 


	 Conduct a laboratory animal study to characterize the extent to which fibers of all 
lengths translocate into the pleura, and whether the translocation preferentially 
occurs for fibers of any dimension or type. Some panelists noted that translocation 
of fibers into the pleura does not necessarily imply causation of pleural disease, 
the mechanisms and site of action of these mechanisms being unknown (Kane et 
al. 1996). One panelist indicated that some studies (e.g., Gelzeichter et al. 1996; 
McConnell et al. 1999) have already examined this issue, to a certain extent, for 
refractory ceramic fibers; and a follow-up study has recently been completed, but 
not yet published, for amphibole fibers. 


	 Develop and adopt standardized environmental and biologic sampling and 
analytical protocols to ensure that samples collected from different sites for 
different purposes can be compared. 


	 Perform personal exposure sampling, or an equivalent, to quantify what exposures 
result when household surfaces are contaminated with asbestos or SVFs; analyze 
samples using conventional fiber counting methods (i.e., counting only fibers 
longer than 5 µm), but archive a subset of filter samples for further analysis. 


	 Further investigate the possible association between short fibers and pulmonary 
interstitial fibrosis in humans and the impact of short fibers in regard to pleural 
changes, such as pleural plaques and diffuse pleural fibrosis. 


	 Design and conduct an in vitro study to characterize the influence of fiber length 
on cell proliferation, DNA damage, and cytotoxicity endpoints that can then be 
confirmed in animal studies. 
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1.0 Introduction 


The Agency for Toxic Substances and Disease Registry (ATSDR) invited seven expert panelists 


to a meeting to discuss the current understanding of health effects related to asbestos and 


synthetic vitreous fibers (SVF) less than 5 micrometers (µm) in length—an issue that is related to 


the agency’s ongoing work at many sites. The expert panel review took place in a meeting open 


to the public on October 29–30, 2002, in New York City. Discussions at the meeting focused on 


three specific issues: the physiological fate of fibers less than 5 µm in length, health effects of 


fibers less than 5 µm in length, and data gaps. 


This report summarizes the technical discussions among the expert panelists and documents 


comments provided by observers. The remainder of this introductory section reviews the 


background on ATSDR’s concern about fibers less than 5 µm in length (Section 1.1), the scope 


of this expert panel review (Section 1.2), and the organization of this report (Section 1.3). 


1.1 Background 


ATSDR conducts public health assessments to evaluate the public health implications of 


exposure to contaminants from hazardous waste sites and other environmental releases. A crucial 


part of these evaluations is understanding the toxicologic implications of environmental 


exposures. Recent events have highlighted a need for ATSDR to explore the potential of 


exposure to biopersistent fibers—specifically asbestos and some SVF—to cause health effects. 


For instance, ATSDR is currently assessing the implications of residential and community 


exposures to fibers from past industrial operations (e.g., vermiculite processing plants across the 


country), contaminants at hazardous waste sites, and dust in Lower Manhattan generated from 


the collapse of the World Trade Center (WTC) buildings. These sites are distinct in that 


contaminants have been found, or are suspected of being present, in residents’ homes. Moreover, 


ATSDR has received concerns specifically about the public health implications of exposure to 


shorter fibers, particularly for materials found in Lower Manhattan. 
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ATSDR has therefore identified a need to understand the potential of fibers less than 5 µm in 


length to contribute to adverse health effects. As one part of addressing this need, ATSDR 


convened an expert panel to discuss and review the current state of the science regarding the 


influence of fiber length on health effects of asbestos and SVF. ATSDR will use the panel’s 


findings to help develop scientifically sound public health evaluations for human exposures to 


small fibers. 


1.2 Scope of the Expert Panel Review 


The expert panel review involved many activities before the meeting (see Section 1.2.1), at the 


meeting (see Section 1.2.2), and after the meeting (see Section 1.2.3). The following subsections 


describe what each of these tasks entailed. 


1.2.1 Activities Prior to the Expert Panel Meeting 


ATSDR selected seven experts in toxicology, epidemiology, pathology, pulmonology, hygiene, 


and medicine to serve as panelists for the meeting. Every panelist is either a senior scientist, 


physician, or researcher with extensive experience in the aforementioned fields, as demonstrated 


by peer-reviewed publications, awards, and service to relevant professional societies. ATSDR 


selected panelists with a broad range of affiliations (e.g., academia, consulting, other federal 


agencies) in hope that the expert panel would offer a balanced perspective on the meeting topics. 


Furthermore, during its search for expert panelists, ATSDR asked all candidates to disclose real 


or perceived conflicts of interest. Appendix A lists the names and affiliations of the seven expert 


panelists selected for this meeting, and Appendix B includes brief biographies that summarize 


the panelists’ areas of expertise. 


To focus the discussions at the meeting, ATSDR prepared written guidelines (commonly called a 


“charge”) for the expert panelists. The charge included several questions that the expert panelists 


discussed during the meeting. These questions addressed the physiological fate of fibers less than 


1-2
 







5 µm in length, the health effects associated with these fibers, and data gaps. A copy of the 


charge is included in Appendix B. Several weeks prior to the expert panel meeting, every panelist 


received a copy of the charge, logistical information for the meeting, a preliminary bibliography 


of publications on asbestos and SVF, and copies of six publications relevant to the meeting 


topics (Bourdes et al. 2000; Churg et al. 2000; Davis 1994; Kinnula 1999; Morgan 1995; 


Ohyama et al. 2001). 


In the weeks after the panelists received these materials, the panelists were asked to prepare their 


initial responses to the charge questions. Booklets of the premeeting comments were distributed 


the expert panelists, and made available to observers who registered in advance to attend the 


expert panel review. These initial comments are included in this report, without modification, as 


Appendix B. It should be noted that the premeeting comments are preliminary in nature. Some 


panelists’ technical findings may have changed after the premeeting comments were submitted. 


1.2.2 Activities at the Expert Panel Review Meeting 


The seven panelists and approximately 50 observers attended the expert panel meeting, which 


was held at the Jacob K. Javitz Federal Building in New York City, New York, on October 


29–30, 2002. The meeting was open to the public, and the meeting dates and times were 


announced in the Federal Register. Appendix C lists the observers who confirmed their 


attendance at the meeting registration desk. The schedule of the expert panel meeting generally 


followed the agenda, presented here as Appendix D. The remainder of this section describes the 


introductory presentations given at the meeting. 


#	 Introductory remarks from ATSDR. The meeting began with Rear Admiral (RADM) 
Robert Williams (Director of ATSDR’s Division of Health Assessment and Consultation 
and Chief Engineer for the United States Public Health Service) explaining why ATSDR 
had convened the expert panel. He first reviewed ATSDR’s site-specific experiences with 
asbestos contamination since 1980: assessing roughly 150 sites at which asbestos was a 
contaminant of concern, evaluating approximately 50 sites at which completed or potential 
exposure pathways were found for asbestos, and issuing public health advisories for sites 
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where the public might come into contact with elevated levels of asbestos-contaminated 
materials. RADM Williams indicated that the available environmental data for these 
previous evaluations were typically the percent of asbestos in a waste material, as 
quantified by measurement methods that count fibers longer than 5 µm. For most of these 
sites, detailed information on fiber size distributions is not available. 


More recent work on sites with asbestos contamination, RADM Williams explained, has 
led to a greater need to understand the role of fiber length on asbestos toxicity. He 
reviewed ATSDR’s activities at two sites with public health concerns regarding asbestos 
exposure. First, RADM Williams presented findings from medical testing that ATSDR 
conducted on residents of Libby, Montana, where vermiculite mining and exfoliation 
operations occurred for more than 50 years. ATSDR found that 18% of the residents tested 
(which included workers at the former mine and exfoliation plant) had pleural 
abnormalities, which were most prevalent among people who had lived in the area longest 
and who had completed exposure pathways for asbestos. RADM Williams described 
ATSDR’s ongoing public health actions to address asbestos exposure issues in Libby. 
Second, RADM Williams described ATSDR’s recent activities evaluating asbestos and 
SVF in dust generated during the WTC collapse. Activities included reviewing results of 
asbestos samples, conducting limited sampling in residential properties, evaluating 
whether buildings could be entered for occupational purposes, and assessing the need for 
maintaining the “exclusion zone” in Lower Manhattan. 


RADM Williams indicated that ATSDR’s experiences with the Libby, WTC, and other 
sites have raised unique challenges regarding asbestos and SVF. At these sites, for 
example, fibers are being found in homes, rather than at waste sites and in the 
environment; children are being exposed; and analytical methods are now quantifying 
amounts of shorter fibers (less than 5 µm) than were typically characterized previously. As 
one step in helping the agency respond to these challenges, RADM Williams indicated, 
ATSDR convened the expert panel to review the current state of the science on health 
effects of asbestos and SVF, focusing on the role of fiber length. RADM Williams 
explained that ATSDR often uses the expert panel forum to seek scientific input on 
priority issues the agency is evaluating. He noted that the panelists were invited to present 
their individual opinions and were not asked to reach consensus on any issue, and 
representatives from ATSDR were present strictly to observe the proceedings. 


#	 Introductory remarks from the meeting chair. Dr. Morton Lippmann, the chair of the 
expert panel meeting, provided additional introductory remarks. After reviewing the 
charge to the panelists and the meeting agenda, Dr. Lippmann indicated that the goal of 
the expert panel meeting was to review health effects associated with asbestos and SVF, 
with a special emphasis on fibers shorter than 5 µm. He explained that the focus on fibers 
less than 5 µm emerged from conventions previously used to evaluate asbestos exposures. 
Specifically, risk assessment decisions related to asbestos, Dr. Lippmann noted, have 
typically been based on optical measurements of fibers longer than 5 µm, and one goal of 
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the expert panel was to evaluate the toxicity of the shorter fibers that are not counted by 
the optical analytical methods. Dr. Lippmann also emphasized that the expert panel’s 
discussions should have a public health focus, such that ATSDR could apply the findings 
from the expert panel to sites where community members are concerned about exposure to 
asbestos and SVF. 


To illustrate recent concerns about asbestos and SVF, Dr. Lippmann described ongoing 
research being conducted to evaluate contamination by WTC dust in Lower Manhattan. 
He indicated, for example, that his research group and colleagues have collected and 
analyzed numerous settled dust samples and ambient air samples following the WTC 
collapse and are evaluating health effects among approximately 300 firefighters and 
several thousand residents of Lower Manhattan. These dust samples reportedly were 
composed almost entirely of particles larger than 10 µm in aerodynamic diameter, with 
only 1% of fine particles less than 2.5 µm in aerodynamic diameter. Dr. Lippmann also 
noted that asbestos fibers detected in the dust samples were primarily small (less than 5 
µm), because building materials were crushed by the force of the WTC collapse. He 
indicated that the purpose of the expert panel review was to help ATSDR interpret the 
public health significance of short fibers, like those detected in the WTC dust. 


Following these opening presentations, Dr. Lippmann asked the panelists to introduce themselves 


by stating their names, affiliations, areas of expertise, and past research experience. For the 


remainder of the meeting, the panelists gave individual presentations and engaged in free-flowing 


discussions when answering the charge questions and addressing additional topics not specified 


Are structures less than 5 µm in length fibers or particles? 


The expert panel meeting was convened to address the health effects of fibers less than 5 µm, 
but some panelists questioned the appropriateness of the relevant terminology. One panelist, 
for instance, noted that many scientists would classify structures smaller than 5 µm as 
particles, regardless of the structures’ aspect ratios (see Dr. Case’s premeeting comments in 
Appendix B). During his introductory remarks, Dr. Lippmann reviewed these concerns and 
noted that mineralogists, geologists, health scientists, and individuals in other disciplines may 
use different definitions of fibers and these definitions may be based on size, aspect ratio, and 
other properties. Section 2.4 presents more detailed information on the panelists’ opinions on 
the most appropriate terminology. This issue is raised here to inform readers that this entire 
report uses the term “fibers less than 5 µm,” while acknowledging that some panelists had 
reservations about suggesting that structures less than 5 µm are fibers. 
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in the charge. Observers were given the opportunity to provide verbal comments throughout the 


expert panel meeting. Representatives from ATSDR were observers at the meeting and did not 


engage in or direct the panelists’ discussions. 


1.2.3 Activities Following the Expert Panel Meeting 


The primary activity following the expert panel meeting was preparing this summary report. A 


technical writer who attended the meeting prepared a draft of this report. The expert panelists 


were asked to review and comment on the draft report, ensuring that its contents accurately 


reflect the tone and content of the discussions at the expert panel meeting. The draft report was 


revised based on the panelists’ comments. The panelists were then given the opportunity to 


review the revised report; and the final expert panel review report (i.e., this report) was submitted 


to ATSDR. Some panelists submitted written comments after the meeting; these are included in 


this report, without modification, as Appendix E. ATSDR was not involved in the preparation of 


this report. 


1.3 Report Organization 


The structure of this report follows the order of the panelists’ discussions during the meeting. For 


instance, Section 2 summarizes the discussions on the first agenda topic (physiological fate of 


asbestos and SVF less than 5 µm in length), Section 3 summarizes comments on the second topic 


(health effects of these fibers). Section 4 presents overall conclusions and recommendations. 


These report sections document comments raised both by the panelists and the observers. 


Finally, Section 6 provides references for all documents cited in the text. 


The appendices to this report include extensive background information on the expert panel 


review. This information includes items made available to all meeting attendees, as well as items 
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generated since the expert panel meeting (e.g., a final list of attendees). The appendices contain 


the following information: 


# List of the expert panelists (Appendix A). 


#	 The panelists’ premeeting comments, the charge to the reviewers, and brief bios of the 
expert panelists (Appendix B). 


# List of registered observers of the expert panel meeting (Appendix C). 


# Agenda for the expert panel meeting (Appendix D). 


# Written comments that panelists submitted after the meeting (Appendix E). 
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2.0	 Comments on Topic 1: Physiological Fate of Asbestos and SVF Fibers Less Than 5 


Micrometers in Length 


This section summarizes the panelists’ discussions on the physiological fate of asbestos and SVF 


fibers less than 5 µm in length. Two panelists—Dr. Lippmann and Dr. Oberdörster—were 


designated discussion leaders for this part of the meeting, during which the panelists responded 


to the three specific charge questions regarding physiological fate of small fibers (Sections 2.1, 


2.2, and 2.3) and addressed topics not identified in the charge (Section 2.4). Panelists also 


commented on the toxicity of asbestos and SVF fibers; these comments are summarized in 


Section 3. This section also summarizes observer comments made after the panelists completed 


their discussions (Section 2.5). Overall, this section presents a record of discussion of topics 


mentioned during the meeting, and it should not be viewed as a comprehensive literature review 


on the role of fiber length in the physiological fate of inhaled fibers. Dr. Lippmann’s post-


meeting comments (see Appendix E) also summarize these discussions. 


Although the panelists focused their initial discussions on fiber length, several panelists stressed 


that length is not the only factor affecting fiber toxicity. These panelists noted that toxicity is 


rather a complex function of the fiber dose, dimensions, and durability, as has been widely 


documented in the scientific literature. 


2.1 Depositional Pattern in the Lung 


The first charge question asked the panelists: “What is the expected physiological depositional 


pattern for less-than-5-µm fibers in the lung?” When responding, the panelists provided relevant 


background information on lung physiology, reviewed what researchers have established for 


depositional patterns of particles, and then addressed what is currently known about depositional 


patterns for fibers: 
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#	 Background on lung physiology. Before addressing the specific charge questions on how 
fibers deposit in the lung, one panelist first reviewed fundamentals of lung physiology, 
which largely dictate fiber dosimetry. He explained how air flows through the respiratory 
system: inhaled air enters the body at the nose or mouth, passes through the larynx and 
trachea, and eventually enters the lung in airways that branch numerous times before 
reaching terminal bronchioles. These airways are all conductive, meaning that they move 
air to the deeper portions of the lung where gas exchange occurs. The air flow velocity 
decreases as air moves into the more distant bronchi, because the cross-sectional area of 
the branched bronchi is greater than that of the parent airways. After passing through the 
terminal bronchioles, inhaled air enters into respiratory bronchioles, then alveolar ducts, 
and eventually alveolar sacs, where most gas exchange occurs. Movement of air in the 
respiratory bronchioles and alveolar sacs is dominated by diffusion, rather than by 
convective forces. 


This panelist noted that clearance processes in the conductive airways differ from those in 
the airways distal to the terminal bronchioles. In the conductive airways, mucus is secreted 
onto the airways’ surfaces, and ciliated cells on the bronchi and bronchioles gradually 
move the mucus up to the throat, where the mucus is swallowed. This mucus clearance 
mechanism efficiently removes particles that deposited on the conductive airways, 
typically within about 1 day following exposure. The clearance mechanisms for particles 
that deposit in the respiratory bronchioles, alveolar ducts, and alveolar sacs operate on a 
much longer time scale (see discussion on “phagocytosis” in Section 2.2). 


#	 Depositional patterns for particles. One panelist then reviewed the state of the science of 
how inhaled particles tend to deposit in the respiratory tract. For both fibrous and non-
fibrous particles, the deposition pattern is dictated largely by the particles’ aerodynamic 
diameter. The aerodynamic diameter, another panelist noted, is equivalent to the geometric 
diameter of a unit density sphere that has the same terminal settling velocity in still air as 
the particle in question. 


The discussion leader then noted that researchers have long established that airborne 
particles with aerodynamic diameter larger than 10 µm typically do not pass the larynx, 
and the particles that enter the lungs deposit by one of three mechanisms—impaction, 
sedimentation, or diffusion (Brownian motion). The relative importance of these 
mechanisms is a function of the particle size. The largest particles that enter the lung, for 
example, have the most momentum, which causes them to have a greater tendency to 
deposit on airways by impaction as air flow changes direction at bronchial airway 
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branches. Smaller particles,1 on the other hand, are less likely to deposit by impaction and 
therefore are typically carried by convective forces further into the lung. 


Any particle that enters the respiratory bronchiole will likely deposit either by 
sedimentation or Brownian motion; impaction is relatively unimportant in regions where 
the air flow velocity is low. Sedimentation and diffusion tend to be the more dominant 
mechanisms in the small lung airways for particles, which diffuse in air much slower than 
gases. One panelist noted that sedimentation is the dominant deposition mechanism for 
particles with aerodynamic diameters greater than roughly 0.8 µm, while smaller particles 
are increasingly subjected to diffusional deposition in the airways. Particles depositing in 
the respiratory bronchioles, alveolar ducts, and alveolar sacs will remain in these regions 
of the lung until cleared by other mechanisms (see Sections 2.2 and 2.3). 


#	 Depositional patterns for fibers. One panelist described depositional patterns of fibers, 
noting how their elongated shapes caused fibers to deposit differently in the lung than 
particles. The main difference between fiber and particle deposition is that fibers can be 
intercepted by airway surfaces, while particles generally cannot. For instance, as long 
fibers move through small airways, the end of a fiber might contact (and deposit on) an 
airway surface, even in cases when the fiber’s center of mass is on a flow streamline in the 
center of the airway. Interception can therefore cause enhanced deposition of fibers, when 
compared to particles; and interception becomes an increasingly important deposition 
mechanism for longer fibers. 


This panelist indicated that many researchers have evaluated the depositional patterns of 
fibers in the lung. He cited the following studies as examples: 


	 Studies using hollow airway cast models from human lungs have demonstrated 
that the extent of fiber interception varies with fiber length. Specifically, 
interception has been shown to be relatively unimportant for fibers less than 10 
µm in length (Sussman et al. 1991). This panelist indicated that these shorter 
fibers will likely act like particles in the lung, because the one deposition 
mechanism unique to fibers is unimportant. 


	 Other studies using these models have reported that fibers with aspect ratios 
greater than 10 behave aerodynamically like unit density spheres with diameters 
three times the fiber width (Stöber et al. 1970; Timbrell 1972). Interception 
accounts for the fact that longer fibers have proportionally greater deposition in 
the conductive airways than shorter fibers. 


1 Two panelists had different opinions on the particle sizes that should be cited in this sentence. One 
panelist indicated at the meeting that particles with aerodynamic diameters less than roughly 2 µm would be 
expected to be carried by convective forces further into the lung. Another panelist, when reviewing a draft of this 
report, recommended that the size cut-off for this sentence be 0.8 µm. 
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For fibers less than 5 µm in length, Dr. Lippmann indicated, the information available on 
particle deposition and longer fibers suggests that fiber diameter likely has the greatest 
influence on deposition patterns. He noted that fibers less than 5 µm in length will have 
diameters less than 1.66 µm, assuming the aspect ratios are at least 3:1. This panelist 
estimated that 10% to 20% of short fibers with diameters between 0.1 and 1.6 µm will 
deposit in the lungs of healthy people. 


Another panelist reviewed findings from multiple publications to illustrate how the four 
mechanisms—impaction, sedimentation, diffusion, and interception—affect fiber 
deposition patterns. First, this panelist summarized results of a lung modeling study 
(Asgharian and Yu 1988), which predicted the relative importance of the four deposition 
mechanisms as a function of fiber diameter. For all fiber dimensions considered, diffusion 
(Brownian motion) accounted for an increased amount of deposition as air traveled further 
into the lung. Further, impaction, interception, and sedimentation were relatively 
unimportant for the thinnest fibers (those with diameters of 0.01 µm), yet accounted for 
most of the predicted deposition pattern for the larger fibers (those with diameter of 10 
µm). Second, he reviewed the extent to which fibers are filtered from inhaled air in the 
nose versus the mouth, as predicted by mathematical models. The model predicted that, 
for all fiber dimensions considered, nose breathing is considerably more effective at 
filtering airborne fibers than is mouth breathing. In fact, appreciable filtration for mouth 
breathing was predicted only for fibers at least 1 µm in diameter. Overall, these comments 
highlight that researchers have already predicted how fiber dimension (both length and 
diameter) affect depositional patterns in the lung (see Dr. Oberdörster’s premeeting 
comments in Appendix B for references to relevant peer-reviewed publications). 


#	 Role of laboratory animal studies in evaluating depositional patterns in humans. The 
panelists acknowledged that laboratory animal studies have provided additional insights 
on how fibers deposit in the lung, but the panelists noted that inter-species differences in 
lung airway structure limit the utility of the animal data. One indicated, for instance, that 
laboratory animal studies have the advantage of being able to characterize lung fiber 
burdens at different time frames following highly controlled dosage conditions. On the 
other hand, he added, airway branching patterns in humans are nearly symmetrical, while 
rats (and most other mammals) have asymmetrical branching patterns. Such differences in 
branching patterns influence the cross-sectional air flow profiles, which in turn affect fiber 
deposition behavior. Consequently, lung deposition patterns in laboratory animals are 
expected to differ from those in humans. 


Another panelist showed how modeling results of lung deposition patterns support this 
expectation. Based on predictions of a mathematical lung dosimetry model developed by 
the International Commission on Radiological Protection, this panelist illustrated 
differences between rats and humans in estimated deposition fractions of fibers in alveolar 
regions. His figure indicated that the predicted deposition fraction in humans was greater 
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than that in rats for all fiber lengths considered, and this difference was most striking for 
longer fibers. Specifically, the model predicted that virtually no fibers with aerodynamic 
diameters of 3 µm and aspect ratios of 10:1 deposit in the alveolar region of rats, while 
more than 25% of these same fibers are predicted to deposit in the alveolar region of 
humans. Such predictions, this panelist noted, raise questions about whether rats are good 
models for humans in terms of fiber deposition in the lung. 


2.2 	 Lung Clearance and Biopersistence 


The second charge question asked the panelists: “What is known about clearance/biopersistence 


of less-than-5-µm fibers in the lung?” The panelists identified several mechanisms by which 


asbestos and SVF are removed from lung tissue. As Section 2.1 explains, fibers depositing on the 


conductive airways are cleared, typically within 1 day, by mucociliary transport; this clearance 


mechanism is not discussed further here. The panelists’ comments focused primarily on 


phagocytosis and dissolution, but panelists considered several additional factors when discussing 


lung clearance. All of the panelists’ comments are summarized below; Section 2.3 addresses 


clearance of fibers by migration to other tissues. 


#	 Phagocytosis. Reviewing general lung clearance mechanisms, one panelist indicated that 
alveolar macrophages engulf and can eventually remove foreign materials (e.g., fibers, 
particles, bacteria) that reach the alveoli. Phagocytized material can then move to the 
ciliated airways, which would eventually clear the material up to the throat, or they can 
move into the pleura, lymphatics, or other tissues (see Section 2.3). Typical human 
macrophages have dimensions between 14 and 21 µm.2 Consequently, alveolar 
macrophages can fully engulf fibers less than 5 µm long and remove them from the 
alveoli, but they are incapable of fully engulfing longer fibers. The extent of phagocytosis, 
therefore, clearly depends on fiber length, and may also depend on additional factors, such 
as surface properties of the inhaled fibers. 


The panelists noted that removal of asbestos and SVF from the alveoli by phagocytosis 
generally takes much longer than removal of these materials from the conductive airways 
by mucociliary transport—an observation that is supported by findings of lung clearance 
studies in rats (Coin et al. 1994). Specifically, the study reported how the half-life for lung 


2 Noting that rat alveolar macrophages have dimensions roughly between 10.5 and 13 µm, a panelist 
indicated that phagocytosis in rats is less effective than in humans at clearing fibers between 13 and 20 µm. 
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clearance in rats varied with the length of chrysotile asbestos fibers. For fibers 
approximately 20 µm long, the estimated half-life for clearance (by all mechanisms 
combined) was 100 days.3 One panelist also presented data on time frames for lung 
clearance of fibers in humans, noting that the estimated half-life for alveolar macrophage 
clearance was estimated to be between 400 and 700 days; the panelist noted that these 
estimates apply to poorly soluble spherical particles of low cytotoxicity and to short fibers 
which can be engulfed by alveolar macrophages. He added that long fibers that cannot be 
phagocytized and that do not dissolve or break will not be cleared from the lung. 


As one exception to the previous observations, one panelist noted that phagocytosis is not 
an effective clearance mechanism in “overload” conditions, or when high exposure doses 
overwhelm the lung’s clearance mechanisms. The panelists questioned whether the 
environmental exposures that ATSDR typically evaluates would ever cause overload 
conditions, though they noted that overload conditions may be observed in some 
occupational settings or in unexpected accidental or emergency situations. 


#	 Dissolution. Asbestos and SVF not only can be physically removed from the lung via 
phagocytosis, but can be chemically removed, or at least altered, by dissolution. A panelist 
indicated that the extent to which dissolution occurs depends largely on the fiber 
composition and the pH of the medium in which the fiber is located, and does not appear 
to depend on fiber length. Dissolution behavior can change when fibers are engulfed by 
macrophages, because pH varies considerably between the phagolysomes in the alveolar 
macrophages (pH = 4.5–5.0) and the extracellular fluid (pH = 7.4). Researchers already 
have documented the relative solubility of different fiber types (see Dr. Lockey’s 
premeeting comments in Appendix B), which can be useful in characterizing the relative 
biopersistence of different fiber types. 


#	 Influence of fragmentation. Asbestos and SVF fibers can fragment in the lung after being 
inhaled. Fragmentation is technically not a clearance process, because the fragmented 
fibers still remain in the lung. However, fragmentation can enhance clearance if the 
fragments formed are more easily cleared by phagocytosis than the original fiber. One 
panelist noted that glass and asbestos fibers fragment differently. Asbestos fibers, for 
example, tend to fragment longitudinally into thinner fibers of the same length. Therefore, 
an asbestos fiber that is too long to be engulfed by a macrophage tends to fragment into 
thinner fibers that are also too long to be engulfed by a macrophage. Glass fibers, on the 
other hand, tend to fragment transversely into shorter pieces that can more easily be 
cleared by phagocytosis. 


#	 Influence of co-exposure to other contaminants. A panelist reviewed results from a mixed-
dust exposure study in rats (Davis et al. 1991) to illustrate how co-exposures to other 


3 This half-life estimate likely understates the clearance half-life for amphibole fibers of the same length, 
one panelist noted, because more recent studies have shown that chrysotile fibers are cleared more readily from the 
lung than are amosite fibers of the same dimension. 
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contaminants affects fiber retention in the lung. In the study, groups of rats received 
different combinations of exposures: chrysotile asbestos and titanium dioxide, chrysotile 
asbestos and quartz, amosite asbestos and titanium dioxide, and amosite asbestos and 
quartz. Exposure concentrations for the chrysotile asbestos, amosite asbestos, and titanium 
dioxide were all 10 mg/m3, while the exposure concentration for quartz was 2 mg/m3. The 
animals were dosed for 1 year and lung tissues were analyzed for fiber retention after 2 
years. The study found that co-exposure with titanium dioxide and quartz had no effect on 
lung retention of amosite fibers. For chrysotile fibers, on the other hand, co-exposure with 
titanium dioxide increased lung retention of the fibers (as compared to exposure to 
chrysotile alone) and co-exposure with quartz decreased lung retention of fibers. This 
panelist indicated that this study suggests that non-fibrous particles could affect fiber 
retention characteristics, though he acknowledged that the exposure concentrations used in 
the study are not relevant to typical environmental exposures. 


#	 Influence of physical structure: amorphous versus crystalline material. The panelists 
briefly discussed how the physical structure of fibers (amorphous or crystalline) affects 
biopersistence and toxicity. One panelist noted that a laboratory animal study examined 
this issue by comparing lung samples from rats exposed for 3 months to amorphous silica 
to samples from rats exposed for 3 months to crystalline silica (Johnston et al. 2000). The 
study found that significant amounts of crystalline silica remained in the rat lungs 3 
months after exposure ceased, while the lung-retained amorphous silica was near 
background levels. The panelist indicated that this trend suggests that the amorphous silica 
is more soluble than crystalline silica in the lung. 


#	 Populations that may have impaired capacity to clear fibers in the lung. One panelist 
identified populations that may be susceptible to fiber-related health effects due to 
impaired capacity to clear fibers deposited in the lung. These populations included people 
with medical conditions (e.g., primary ciliary disorders, cystic fibrosis, asthma) that affect 
lung clearance mechanisms. Further, smokers with damaged cilia along the conductive 
airways may have impaired ability to clear fibers from the lung. Finally, some common 
pharmaceuticals are known to slow mucociliary transport (e.g., atropine), while others can 
enhance this transport (e.g., sympathomimetics). 


#	 Relevance of sputum samples. When discussing lung clearance, the panelists discussed the 
utility of analyzing sputum samples to characterize the distribution of retained fibers. One 
panelist explained that, in at least one study, concentrations of asbestos in sputum, when 
compared to cumulative exposure estimates, were more predictive of radiological changes 
in the lungs of workers at vermiculite mines and mills (Sebastien et al. 1988). Though 
these and other findings suggest that sputum samples can provide useful insight into 
asbestos exposures, the panelists indicated that implementing a sputum sample study has a 
potential drawback. While smokers can produce voluntary sputum samples relatively 
easily, non-smokers often cannot. Induced sputum samples can be collected from non
smokers to characterize past exposure, and bronchoalveolar lavage has also been used for 
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this purpose. Both of these sampling techniques are invasive and require informed 
consent, and have a consistently better yield than simple sputum collection. More than 50 
such studies conducted in North America, Europe, and Japan have already been published. 


2.3 Migration of Fibers Deposited in the Lung 


The third charge question asked the panelists: “What types of migration are expected within the 


body for less-than-5-µm fibers?” Both in their premeeting comments and during the expert panel 


review meeting, the panelists offered various perspectives on how fibers of different lengths 


migrate within the lung and from the lung to other organs. One panelist, for example, indicated 


that fibers with diameters less than 0.5 µm can penetrate through lung epithelia and be 


transported through lymph channels to lymph nodes, blood, and distant organs. However, most of 


the discussion focused on the extent to which small fibers translocate into the pleura. Three 


reviewers’ perspectives on this matter follow: 


First, one panelist indicated that several researchers have attempted to characterize the 


distribution of asbestos fibers in samples of human pleura. Although it has been reported that 


only short chrysotile fibers (average length <0.2 µm) translocate to the pleura, this panelist found 


these studies to be of questionable quality because they lacked matched controls or sampled 


tissue (such as tumors) other than the pleura. This panelist then reviewed two preliminary studies 


of fiber translocation, one in humans (Boutin et al. 1996) and the other in goats (Dumortier et al. 


2002), which were based on more robust methods using controls. He noted that one study found 


that 22.5% of fibers detected in the pleura were longer than 5 µm and that the pleural samples 


had far greater amounts of amphibole asbestos fibers than chrysotile asbestos fibers (see Dr. 


Case’s premeeting comments in Appendix B). The studies did not examine how fibers 


translocate to the pleura, though the findings suggest that lymphatic drainage paths may play an 


important role.4 


4 A panelist also noted that lymphatic transport has been demonstrated to occur in laboratory studies of 
dogs that were dosed with amosite asbestos by intrabronchial instillation (Oberdörster et al. 1988). Analyses of 
post-nodal lymph collected from the right lymph duct found fibers only of shorter dimensions: the maximum length 
of fiber detected was 9 µm, and the maximum diameter was 0.5 µm. 
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The authors of these studies hypothesized that the translocated fibers might contribute to 


formation of pleural plaques and mesothelioma. 


Second, another panelist summarized the findings from a study of rats exposed via inhalation to 


kaolin-based refractory ceramic fibers with geometric mean length of 4.5 µm (Gelzeichter et al. 


1996). The study reported that the fate of the fibers depended on fiber length: fibers in the pleural 


tissue 32 days5 after exposure had a geometric mean length of 1.5 µm and geometric mean 


diameter of 0.09 µm, while fibers in the parenchymal tissue were much larger with geometric 


mean length of 5 µm and geometric mean diameter of 0.3 µm. Thus, the study indicates that very 


thin fibers smaller than 5 µm—fibers that would not be counted by conventional phase contrast 


microscopy (PCM) asbestos sampling methods—are capable of translocating to the pleural tissue 


(see Dr. Lockey’s premeeting comments in Appendix B). 


Third, a panelist reviewed findings of a rat inhalation study that investigated whether 


co-exposure to non-fibrous particles affects translocation of fibers to the pleura (Davis et al. 


1991). The study found more amosite asbestos fibers translocated to the pleura in rats that were 


co-exposed to non-fibrous particles (quartz or titanium dioxide), as compared to rats that were 


exposed to amosite asbestos alone. The panelist noted, however, that the exposure doses of 


titanium dioxide (10 mg/m3) might have overloaded the rat lungs and impaired alveolar 


macrophage clearance processes. If the observed fiber translocation to the pleura was caused by 


these overload conditions, the relevance of this study to environmental exposures is questionable. 


The panelists noted that the extent to which fibers translocate to the pleura is not fully 


understood, but is likely an important consideration when evaluating pleural plaques, diffuse 


pleural thickening, and mesothelioma. For instance, if fibers must actually enter the pleura for 


these outcomes to occur (a hypothesis that has not been verified), then understanding fiber 


5 When reviewing a draft of this report, one panelist noted that 32 days is a relatively short period of time 
to examine translocation of fibers into the pleura. He indicated that it may take longer for long fibers to reach the 
pleura, especially if direct penetration is required for the long fibers to enter the pleura (as compared to lymphatic 
transport for shorter fibers). 
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translocation into the pleura is critical. If, on the other hand, fibers localized toward the lung 


periphery beneath the pleura can cause disease, perhaps through chemical mediators that cross 


into the pleural space, then translocation of fibers is less important. Therefore, without a more 


detailed understanding of the mechanisms of toxicity for pleural reactions and other outcomes, 


the significance of fiber translocation into the pleura is not fully known. The panelists revisited 


fiber translocation issues when discussing the role of fiber length, if any, in causing pleural 


abnormalities. 


2.4 	 Open Discussion Among Panelists 


After summarizing the panelists’ responses to the three charge questions, the discussion leaders 


invited the panelists to provide comments on additional topics relevant to physiological fate of 


inhaled fibers. The panelists raised the following issues: 


#	 Terminology: fibers or particles? One panelist had reservations about calling structures 
with lengths less than 5 µm fibers. He explained that mineralogists, geologists, and health 
scientists generally do not consider such structures to be fibers, regardless of the aspect 
ratio; such structures would instead be considered particles. This panelist noted that 
regulators have established a precedent for distinguishing between fibers and particles: the 
Occupational Safety and Health Administration, for instance, regulates structures smaller 
than 5 µm as particles not otherwise regulated, rather than as fibers. For these and other 
reasons (see Dr. Case’s premeeting comments in Appendix B), this panelist had concerns 
about the terminology ATSDR used to characterize the structures with dimensions less 
than 5 µm. As noted previously, this report refers to structures less than 5 µm as fibers, 
and the concern about using this term has been documented. 


#	 Importance of the distribution of fiber lengths. Noting that all mineral fiber exposures 
always involve inhalation of a wide distribution of fiber sizes, one panelist questioned the 
utility of focusing exclusively on fibers less than 5 µm in length. To illustrate this concern, 
he showed a graph depicting the fiber size distribution (in terms of length and diameter) in 
an ambient air sample collected at Libby. The graph showed that a clear majority of fibers 
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were less than 5 µm, as is often observed in occupational and environmental exposure 
situations.6 The sample also included many fibers approximately 15 µm long, though in 
considerably smaller amounts than the short fibers. In such cases, the panelist cautioned 
about focusing exclusively on fibers smaller than 5 µm, even if they account for the 
overwhelming majority of the dose, because the smaller amount of longer fibers contribute 
more to overall toxicity. 


To illustrate this issue further, the panelist presented data on the distribution of fiber 
lengths measured in surgical lung tissue samples from six miners and four cement plant 
workers who were exposed to asbestos fibers (primarily chrysotile) and non-asbestos 
fibers (Case et al. 2002a). The men were hospitalized with various lung diseases, which 
were mostly not related to their asbestos exposures. In these individuals, the majority 
(71%, by fiber count) of lung-retained chrysotile asbestos fibers were shorter than 5 µm, 
with lesser amounts (25%) of chrysotile asbestos fibers between 5 and 20 µm, and even 
lesser amounts (4%) of chrysotile asbestos fibers longer than 20 µm (Case et al. 2002a). A 
similar pattern was observed for the lung-retained non-asbestos fibers, with an even 
greater number of fibers shorter than 5 µm (85%) and none longer than 20 µm. Based on 
these results, this panelist reiterated that characterizing how toxicity varies with fiber 
length is critical, because retained doses can vary considerably between different fiber 
length intervals. The panelists revisited this topic when discussing whether a critical fiber 
length exists below which adverse health effects from environmental exposures would be 
unlikely (see Section 3.4). 


#	 Comments on fibers detected in Libby. When evaluating the influence of fiber length on 
dosimetry, the panelists briefly discussed the significance of ambient air measurements in 
Libby, and asked Dr. Aubrey Miller (EPA) to summarize relevant data. Referring to trends 
among ambient air sampling data, Dr. Miller indicated that typically more than 60% of 
airborne fibers at the site are less than 5 µm long and therefore would not be counted by 
PCM testing for regulatory purposes. A panelist added that two asbestos amphibole 
minerals not currently regulated by the Occupational Safety and Health Administration 
(winchite and richterite) are included among the fibers in these samples. Dr. Miller noted 
that some Libby residents who were not occupationally exposed to asbestos and who had 
no household contacts with occupationally exposed individuals have developed pleural 
abnormalities, which raises questions about which fiber types are contributing to this 
disease. The panelists discussed this matter further when reviewing the current state of the 
science on human epidemiologic studies (see Section 3.1). 


6 During this discussion, one panelist cautioned about distinguishing environmental exposures from 
occupational exposures and instead encouraged scientists to focus on the exposure dose, regardless of whether it 
was experienced in an occupational or environmental setting. To illustrate this concern, he noted that some 
“environmental exposures,” such as those experienced by Libby residents, might exceed “occupational” exposures 
in well-regulated work places. 
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#	 Dose metric issues. The panelists briefly discussed how the available dose metrics—mass, 
number, and surface area of fibers—correlate with toxicity. A panelist noted that one study 
(Timbrell et al. 1988) reported that surface area correlated best with pulmonary fibrosis 
scores and therefore might be the best dose metric for that endpoint. This panelist said this 
finding is consistent with toxicologic studies of non-fibrous particles, which also indicate 
that surface area correlates better with pulmonary fibrosis than do other dose metrics. 
Another panelist questioned whether surface area of retained fibers is an appropriate dose 
metric, noting that such a selection implies that short fibers (i.e., fibers less than 5 µm in 
length), if inhaled in substantial quantities, can be equally toxic as very long fibers. This 
issue was not resolved, but a panelist noted that surface area of fibers might be more 
predictive of certain endpoints (e.g., lung fibrosis) while other dose metrics may correlate 
better with carcinogenic endpoints. 


#	 Research needs. While discussing the physiological fate of fibers in the lung, the panelists 
identified several research needs. One panelist, for example, suggested that a laboratory 
study comparing dosimetry of fibers less than 5 µm to that of non-fibrous particles less 
than 5 µm could provide insights into lung deposition and clearance of shorter fibers. 
Another panelist advocated research that characterizes dosimetry for a series of fiber 
length intervals, rather than focusing entirely on fibers shorter than a given threshold 
length (i.e., 5 µm), because people are ultimately exposed to airborne fibers of varying 
lengths. One panelist suggested that studies consider the relevance of susceptible 
populations, but other panelists indicated that research on susceptible populations should 
be conducted after key studies on healthy populations have been completed. The panelists 
discussed additional research needs later in the meeting (see Section 3.5). 


2.5 	 Observer Comments and Ensuing Discussions 


After the panelists finished addressing the first topic area, observers were invited to provide 


comments. The panelists were not required to respond to the observer comments. However, some 


comments led to further discussion among the panelists, as documented here. The observer 


comments are summarized in the order they were presented: 


Comment 1: David Bernstein, consultant in toxicology 


Dr. Bernstein presented findings from a chronic inhalation study that investigated the 
influence of fiber length and biopersistence on toxicity in rats. The study was conducted 
for the European Commission, but findings from the study have not been reported in the 
peer-reviewed literature and a written summary of the study was not provided to the expert 
panelists. Dr. Bernstein indicated that this study found that long fibers were more 
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biopersistent than short fibers. He further noted that exposure to fibers up to 20 µm long 
were found to be uncorrelated with toxic response, and only those fibers longer than 20 
µm were correlated with toxicity. These findings were reportedly derived by comparing a 
toxic endpoint at 24 months following exposure to the distribution of fiber lengths 
retained in the rats’ lungs. The toxic endpoint considered was collagen deposition at 
bronchoalveolar junctions—a precursor to pulmonary fibrosis. Dr. Bernstein claimed that 
the panelists can draw from this study’s findings to make definitive statements on the 
toxicity of fibers shorter than 5 µm. 


Panelists’ Discussion: When discussing this study, one panelist asked if 
preferential deposition of long fibers is expected to occur at the bronchial-alveolar 
junctions, and Dr. Bernstein said yes. This panelist noted that the apparent 
correlation between fiber size and toxicity might simply result from studying an 
endpoint where short fibers do not preferentially deposit. Another panelist 
encouraged Dr. Bernstein and his colleagues to publish these results. 


Dr. Bernstein also presented data from an animal study on biopersistence of chrysotile 
fibers mined in Brazil. He explained that chrysotile fibers have a somewhat unique 
molecular structure, because more magnesium atoms are in the fiber surface; in amphibole 
fibers, on the other hand, these atoms are more concentrated internal to the fiber, away 
from the surface. Due to this unique structure, Dr. Bernstein argued, the chrysotile fibers 
are more readily dissolved in the lung. He reported that long chrysotile fibers (>20 µm) 
have a biopersistence half-life of only 1.3 days, while amphibole amosite fibers of similar 
length have a half-life of 466 days. He also showed a series of images depicting the fate of 
different length fibers in the lung as a function of days following exposure. Dr. Bernstein 
did not provide a reference for the data he presented. 


Panelists’ Discussion: One panelist took exception to these studies, noting that 
his colleagues have published a study (Finkelstein and Dufrense 1999) indicating 
that chrysotile fibers longer than 10 µm have an estimated half-life of 8 years in 
the lungs of Canadian miners. Further, he noted that a study of South Carolinian 
textile workers exposed to chrysotile fibers (Case et al. 2000) also supports a 
chrysotile half-life much longer than 1.3 days. That study found that the lung 
content of chrysotile fibers longer than 18 µm increased proportionally with the 
workers’ cumulative exposure, suggesting that these longer fibers are more 
persistent in the lungs of occupationally exposed individuals than Dr. Bernstein’s 
data imply. 


Comment 2: Jay Turim, Sciences International, Inc. 


Mr. Turim encouraged the panelists to consider the findings of two studies. First, he 
referred the panelists to a publication (Berman et al. 1995) that re-evaluated data from 
previous laboratory animal experiments in rats. This study reported that 99.7% of the 
potency for mesothelioma was due to asbestos fibers longer than 40 µm, with only 0.3% 
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of the potency attributed to fibers shorter than 40 µm. Mr. Turim suggested that the 
panelists consider these findings when commenting on the carcinogenicity of short fibers. 


Second, Mr. Turim reviewed a recent study (Brown et al. 2000) in which two groups of 
rats inhaled formulations of different refractory ceramic fibers (RCF1 and RCF1a). The 
fiber formulations were reported as having approximately the same number of long fibers, 
but the RCF1 formulation contains much more non-fibrous particles than does the RCF1a 
formulation. In the study, the rats were exposed for 3 weeks (6 hours per day, 5 days per 
week), and were followed up for 1 year after exposure ceased. Mr. Turim noted that the 
lung retention of long fibers did not differ between the two exposure groups, even though 
the study authors reported that macrophage clearance processes were severely impaired in 
the rats exposed to RCF1, due to lung overload conditions. Mr. Turim also indicated that 
the study provides evidence that RCF (and SVFs, in general) behave differently from 
asbestos fibers in the lung, because the short RCF fibers were largely removed despite the 
impaired macrophage activity. Finally, because the study found more persistent 
inflammatory response, as gauged by bronchoalveolar lavage (BAL) analysis, in the rats 
dosed with the RCF1 mixture, Mr. Turim argued that the study shows that the presence of 
non-fibrous particles must be considered when evaluating the toxicity of SVFs. 


Panelists’ Discussion: One panelist addressed this comment, noting that some 
aspects of the RCF study were not entirely clear to him. For instance, he did not 
think the publication adequately explained how lung clearance of short fibers 
could be similarly effective in the two groups, when macrophage activity was 
severely impaired only in the rats dosed with RCF1a. Further, he noted that the 
differences in toxicity between RCF1 and RCF1a were actually relatively minor, 
based on his interpretation of the BAL data and the histopathology results. 
Moreover, the panelist indicated that a follow-up study by the same group has 
found the non-fibrous FCF particles to be of high toxicity (Bellmann et al. 2002; 
Brown et al. 2002). 


Comment 3: Jenna Orkin, 911 Environmental Action Concern 


Ms. Orkin asked the panelists to comment on environmental contamination resulting from 
the WTC collapse, which blew contamination downwind toward downtown Brooklyn, 
where she lives. Concerned about ongoing exposure to WTC dust, Ms. Orkin indicated 
that she recently had a carpet sample from beneath a window in her house analyzed for 
fiber contamination using ultrasonication. She indicated that this analytical technique can 
detect about 100 times more asbestos fibers than can be found by ASTM MicroVac 
methods. Ms. Orkin noted that experts have reported that, for ASTM MicroVac samples, 
1,000 structures per square centimeter is considered typical for rural homes and 10,000 
structures per square centimeter typical for urban homes. However, she said that experts 
will not specify a safe level of structures measured by ultrasonication. 
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Ms. Orkin indicated that EMSL Analytical analyzed the carpet sample from her home and 
found “80,000 structures per square centimeter of asbestos.” Seven chrysotile fibers were 
in the sample, including five long fibers. She indicated that the ultrasonication 
instrumentation eventually clogged, which she was told might mean that the 
contamination levels in the sample could not be measured because they were higher than 
the measurement sensitivity. Ms. Orkin asked if the panelists would comment on the data 
she presented, such as the exposure levels she and her family members might have 
experienced. 


Panelists’ Discussion: Three panelists and an EPA observer responded to the 
comment. One panelist noted that regulatory agencies have not established “safe 
limits” for measurements of asbestos fibers on fabrics. This panelist 
acknowledged that he was unfamiliar with the measurement method identified in 
the comment, but he did question why any sampling or analytical instrument 
would clog when analyzing a sample with only seven chrysotile fibers. Another 
panelist said the key issue for this scenario is characterizing the inhalation 
exposure, but he noted that no one has established how to estimate airborne 
exposure levels from asbestos levels in isolated carpet samples. Finally, noting 
that amphibole minerals make up 7% of the Earth’s crust, a third reviewer 
suggested comparing the sampling results from the Brooklyn residence to 
measurements using identical methods in other locations that were not impacted 
by WTC dust. 


Dr. Miller (EPA) indicated that EPA struggles with issues like those raised in the 
comment at many sites: What levels can be considered safe in homes? What fibers 
should one count when establishing these levels? When should regulatory 
agencies recommend abatement? He acknowledged that these decisions are 
beyond EPA’s current regulatory guidelines. 


Comment 4: Bertram Price, Price Associates, Inc. 


Dr. Price’s comment addressed asbestosis in Libby, Montana—a topic the panelists had 
questions about during their earlier discussions. Dr. Price indicated that ATSDR’s recent 
study of Libby residents identified 12 cases of asbestosis: 11 among former mine workers, 
and 1 in a family member of a former mine worker. He said these findings illustrate the 
impact of dose on asbestosis, and he cautioned against attempting to distinguish 
environmental exposures from occupational exposures. Commenting on the influence of 
fiber length, Dr. Price noted that researchers have established a dose-response gradient 
between exposures to long asbestos fibers and asbestosis, though he acknowledged that 
the past studies used measurement techniques that did not count fibers shorter than 5 µm. 


Panelists’ Discussions: No panelists addressed this comment. 
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Comment 5: Suresh Moolgavkar, University of Washington 


Dr. Moolgavkar’s comments also addressed asbestos-related disease among residents in 
Libby, Montana. Dr. Moolgavkar noted that ATSDR has conducted two epidemiologic 
studies on Libby residents—the second was necessary after the agency realized that some 
death certificate data were inadvertently omitted from the initial report. He indicated that 
the second study reported that lung cancer mortality in Libby was higher than expected 
when compared to the state of Montana and the United States, while the first study found 
no excess. Regarding asbestosis, Dr. Moolgavkar summarized the available data on 
asbestosis cases (see Dr. Price’s comment, above), and noted that asbestosis is linked to 
the most highly exposed individuals, regardless of whether their exposures were 
environmental or occupational. 


Dr. Moolgavkar then commented on results from multiple mortality studies published on 
occupational cohorts of Libby mine workers (Amandus and Wheeler 1987; McDonald et 
al. 1986, 2002). He found no indication that asbestos from the Libby mines is more toxic 
than is predicted from cancer risk calculations using asbestos unit risk data from EPA’s 
Integrated Risk Information System. Dr. Moolgavkar mentioned this to question the 
suggestion among the panelists that Libby asbestos is more toxic than asbestos from other 
sites (see Section 3). In fact, Dr. Moolgavkar noted, radiological examinations 
documented in the previous mortality studies found no evidence (based on prevalence of 
lung abnormalities) that Libby asbestos poses a greater health risk than asbestos from 
other sites. 


Panelists’ Discussions: One panelist indicated that he agreed with the comment, 
in terms of lung cancer outcomes and lung parenchyma abnormalities, but he 
noted that mesothelioma cancer risks may in fact be uniquely higher at Libby. 
Specifically, the risk of developing mesothelioma among asbestos miners in 
Libby, as gauged by the proportional mortality ratio (PMR), is greater than that 
experienced by crocidolite asbestos miners in South Africa and Australia (see 
Section 3.1.1 for a more detailed summary of this argument). 


Dr. Moolgavkar questioned this response, arguing that the PMR is not a good metric to 
use. He indicated that one would expect to see an elevated PMR if the Libby cohort had a 
strong “healthy worker effect.” 


Panelists’ Discussions: The panelist who addressed this issue agreed with this 
response, but noted that there is no evidence of a “healthy worker effect” among 
Libby miners, as demonstrated by the large number of accidental deaths in the 
cohort. This panelist defended use of the PMR for mesothelioma because it is a 
rare disease, and use of other cancer risk metrics (e.g., the standardized mortality 
ratio) might not be appropriate. 
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3.0	 Comments on Topic 2: Health Effects of Asbestos and SVF Less Than 5 Micrometers 


in Length 


This section summarizes the panelists’ discussions on the role of fiber length in health effects 


from asbestos and SVF fibers. The meeting agenda (see Appendix D) lists the specific topics that 


the panelists addressed and identifies the discussion leaders for these topics. This section 


organizes the panelists’ comments as follows: cancer effects (Section 3.1), noncancer effects 


(Section 3.2), mechanisms of toxicity (Section 3.3), general comments and interpretations 


(Section 3.4), and recommended research (Section 3.5). Section 3.6 summarizes observer 


comments made after the panelists completed their discussions. Some panelists submitted post-


meeting comments to summarize their findings. These are included in Appendix E for the 


following topics: review of epidemiologic data (see Dr. Lockey’s comments), review of 


laboratory animal studies (see Dr. McConnell’s comments), and review of mechanistic studies 


(see Dr. Mossman’s and Dr. Wallace’s comments). 


When evaluating health effects, panelists were asked to review findings from key studies that 


examined the role of fiber length on toxicity, whether in vivo or in vitro. Accordingly, this 


section should not be viewed as a literature review of all toxicity studies for asbestos and SVF; 


rather, it documents results from key studies that examined impacts of fiber length. 


Although the panelists focused their initial discussions on fiber length, several panelists stressed 


that length is not the only factor affecting fiber toxicity. These panelists noted that toxicity is 


rather a complex function of the fiber dose, dimensions, and durability, as has been widely 


documented in the scientific literature. 
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3.1 	 Cancer Effects 


This section summarizes the panelists’ comments on the role of fiber length on cancer effects. 


The section is organized into three different types of studies: human cancer mortality studies 


(Section 3.1.1), studies of lung-retained fibers in humans (Section 3.1.2), and laboratory animal 


studies (Section 3.1.3). Within each section, comments are organized by type of fiber (asbestos or 


SVF) and type of cancer (lung cancer and mesothelioma). 


3.1.1 	 Data from Cancer Mortality Studies 


The panelists’ comments on cancer mortality studies from occupational cohorts follow: 


#	 Asbestos. One panelist indicated that no studies have evaluated cancer outcomes 
associated with fibers shorter than 5 µm, because no occupational cohort is exposed 
exclusively to such fibers. For insights into carcinogenicity of the short fibers, he reviewed 
findings reported for two occupational cohorts that were exposed predominantly (though 
not exclusively) to short asbestiform minerals: 


	 The panelist first reviewed a study of workers at reserve mine deposits in 
Minnesota (Higgins et al. 1983). The workers at this site were exposed to 
cummingtonite-grunerite, a mineral related to amosite, and the vast majority of 
fibers were reportedly less than 10 µm in length. The study found no increase in 
overall mortality or mortality from respiratory cancers, but the panelist indicated 
that the average latency for the cohort was 14.7 years after initial exposure, with a 
maximum of 24.6 years, or a relatively short latency for development of cancer. 


	 Second, this panelist reviewed studies of gold mine workers in South Dakota who 
also were exposed to cummingtonite-grunerite asbestiform material. He indicated 
that an initial study of this cohort (Gillam et al. 1976) found increased mortality 
from malignant respiratory disease among workers with at least 5 years of 
exposure. A follow-up study of this same cohort (McDonald et al. 1978), which 
considered workers who had worked for 21 years or longer, found no such 
increase, but did report increased risks of silicosis and tuberculosis. Average 
exposure concentrations for this site were 4.82 (±0.68) fibers per cubic centimeter, 
with 94% of airborne fibers being less than 5 µm in length. 
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This panelist indicated that these two studies were the closest approximation he could find 
to occupational cohorts exposed only to fibers shorter than 5 µm, and neither showed 
evidence of increased cancer mortality. He advocated follow-up studies of these cohorts in 
view of the passage of more than 20 years since the original publications to investigate 
carcinogenicity of short fibers more fully. 


During this discussion, one panelist reviewed cancer mortality data published in two 
studies for an occupational cohort of Libby miners (McDonald et al. 1986, 2002). These 
studies considered 406 men who worked in the mine for at least 1 month prior to 1963; the 
more recent study, therefore, considers an average latency of period of more than 30 years 
from first exposure. This panelist noted that both studies reported elevated mortality rates 
for lung cancer, mesothelioma, and non-malignant respiratory disease (including 
asbestosis7). Of particular note, the panelist indicated that the more recent follow-up study 
(McDonald et al. 2002) suggests a PMR for mesothelioma of 6.7%—otherwise stated, 1 
out of every 15 deaths identified in the follow-up study was from mesothelioma. He found 
this PMR significant because it is higher than those observed among most other cohorts 
studied, including crocidolite miners in South Africa and Australia. 


#	 SVF. One panelist reviewed cancer mortality studies of occupational cohorts exposed to 
SVFs, including glass fibers, mineral wool, and RCFs. The panelist first noted that no 
studies have been conducted on occupational cohorts exposed exclusively to fibers less 
than 5 µm long, again because no cohorts appear to be exposed only to short fibers. 
However, he noted that cancer mortality at fiber glass and mineral wool production 
facilities has been extensively studied, both in the United States and Europe. He 
summarized these studies for different materials: 


	 For fiber glass, the panelist noted that the studies did not find increases in 
respiratory cancer to be related to fiber glass exposures. 


	 For rock wool and slag wool, the panelist indicated that studies of production 
facilities in the United States found no evidence of increased risk for respiratory 
cancer. At production facilities in Europe, on the other hand, initial studies have 
demonstrated increases in respiratory cancer, but no clear information to indicate 
that the increased cancer risk was specifically related to fiber exposure. A 
subsequent case-control study indicated no relationship between cumulative rock 
or slag wool exposure and lung cancer (Kjaerheim et al. 2002). The International 
Agency for Research on Cancer (IARC) authors did not conclude that the 
increased cancer was related to the exposures to rock or slag wool. 


7 One panelist, when reviewing a draft of this report, indicated that death certificate data typically use a 
single code for all non-malignant respiratory disease. He added that asbestosis probably accounts for a minority of 
these deaths when compared to chronic obstructive lung disease. 
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	 For RCF, which are more durable fibers than the other SVFs, the panelist 
indicated that no cancer mortality data have been published for occupational 
cohorts exposed to RCF. This panelist noted that a recent study of a relatively 
small cohort of plant production workers has not demonstrated increased 
respiratory cancer risk for RCF, nor any identified mesothelioma, but he 
acknowledged that the study had limited statistical power for detecting an 
increased risk. Results from this study have been accepted for publication in a 
peer-reviewed publication (Lemasters et al. 2002). 


The panelist who summarized these results also specifically noted that there is no 
indication of a relationship between exposure to SVFs and mesothelioma. Though a small 
number of mesotheliomas have been reported for workers at SVF manufacturing plants, 
these cases have since been explained by other factors (e.g., probable prior exposure to 
asbestos, incorrect diagnoses). 


3.1.2 	 Data from Human Studies of Lung-Retained Fibers (Cancer) 


Additional insights on the influence of fiber length on cancer outcomes was presented for studies 


that analyzed the amounts and sizes of fibers retained in the human lung. In these studies, lung-


retained fiber is used to characterize exposure. The panelists identified limitations associated 


with such studies, most notably that the measurements of lung-retained fibers (typically at 


autopsy) are static and do not characterize when exposure occurred or temporal variations in 


exposure. Moreover, because lung-retained fibers can break or partially dissolve after exposure, 


it is possible that the length distribution of fibers observed after death is different from the length 


distribution of fibers in the original exposures. The panelists provided the following comments 


on available studies of lung-retained fibers: 


#	 General comments. One panelist provided general comments on fiber accumulation and 
human disease. First, the panelist indicated that people are exposed to fibers of varying 
length, with shorter fibers generally accounting for the majority of exposure (by fiber 
count); a similar pattern—a majority of shorter fibers—is consistently observed in the 
lung-retention studies. Second, because asbestos fibers with widely varying lengths are 
detected in lung tissue samples from all populations, this panelist concluded that the 
human lung, under continuing exposure conditions, is not capable of completely clearing 
fibers of any length to background levels—a finding that is not replicated in inhalation 
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studies conducted in rats.8 He demonstrated lung accumulation by displaying data from 
multiple studies (e.g., Sebastien et al. 1980; Case et al. 2000), which showed that all types 
of asbestos fibers (including long chrysotile fibers) accumulate in the lung with 
cumulative exposure. 


#	 Mesothelioma. The panelists then commented on three case-control studies that examined 
the distribution of fiber lengths in people who died from mesothelioma (and most with 
matched controls). All three studies showed that risk of mesothelioma was considerably 
higher for individuals with larger amounts of long fibers retained in their lungs: 


	 The first study (McDonald et al. 1989) examined lung tissues from 78 Canadian 
men and women who died of mesothelioma, as well as 78 lung tissues from age-, 
sex-, and hospital-matched controls. The lung samples were from pathologists’ 
stock, without information on what parts of the lung the samples were collected 
from. Relative risk for developing mesothelioma was reported for different fiber 
types and lengths (<8 µm and >8 µm). The study found that the risk of 
mesothelioma was significantly related to concentrations of amphibole fibers 
longer than 8 µm and that fibers shorter than 8 µm accounted for none of the 
cancer risk. 


	 The second study (Rogers et al. 1991) examined lung tissues from Australians 
who died of mesothelioma. Based on “the best fitting additive relative risk 
model,” the study reported that mesothelioma risk was greatest for crocidolite 
asbestos fibers longer than 10 µm, followed by amosite asbestos fibers longer 
than 10 µm, and then by chrysotile fibers less than 10 µm. The authors suspected 
that the relative risk for chrysotile fibers less than 10 µm resulted from longer 
fibers breaking into shorter fibers. 


	 The third study (Rödelsperger et al. 1999) evaluated lung tissue samples from 66 
German individuals who died from mesothelioma and 66 matched controls. The 
study reported that “...a clear dose-response relationship up to an odds ratio of 
99% has been demonstrated for the lung tissue concentration of total amphibole 
fibers longer than 5 µm.” The study provided few details on the cancer risk 
associated with short fibers. 


#	 Lung cancer. A panelist indicated that no lung-retention studies in humans have attempted 
to examine relationships between the length distribution of retained asbestos fibers and 
lung cancer. He suspected that studies have not been conducted due to the high 
attributable risk from smoking. This panelist noted that many studies have reported the 
total concentration of asbestos fibers for lung cancer in lung samples, but none of these 
evaluated the role of fiber length. 


8 When reviewing a draft of this report, another panelist indicated that animal studies have found that 
animals are also not capable of completely clearing fibers of all lengths to background levels. 
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3.1.3 Data from Laboratory Animal Studies (Cancer) 


The panelists identified several laboratory animal studies that illustrate the influence of fiber 


length on carcinogenicity, and made general comments about the relevance of these studies to 


humans. Panelists specifically referred to the following three studies when discussing how fiber 


length has been shown to relate to lung cancer and mesothelioma in laboratory animals: 


#	 In the first study (Davis et al. 1986), no malignant cancers were observed in 42 rats 
exposed via inhalation to a short-fiber amosite mixture, while eight malignant cancers 
were reported in the 40 rats exposed to the long-fiber amosite mixture (30% of fibers 
longer than 5 µm and 5% of fibers longer than 10 µm). 


#	 In the second study (Davis and Jones 1988), seven malignant cancers were observed 
among rats exposed via intraperitoneal injection to a “short” chrysotile fiber mixture, 
while 22 malignant cancers were observed among those exposed to the “long” fiber 
mixture. Cancers in the former group, however, have since been attributed to 
contamination of the “short” fiber samples with longer chrysotile fibers (Lippmann 1994). 


#	 In the third study (Wagner et al. 1985), rats exposed to mixtures of erionite fibers that 
were mostly shorter than 5 µm did not develop mesothelioma, while every rat exposed to 
the longer erionite fiber mixtures developed the disease. One panelist found certain 
aspects of this study surprising, such as the fact that all of the rats exposed to long fibers 
died within 15 months, even though mesothelioma typically is not lethal in rats, and that 


General strengths and weaknesses of laboratory animal studies 


The panelists provided several general comments on the utility of laboratory animal studies 
for understanding toxicity of asbestos and SVFs. Benefits of animal studies include the ability 
to (1) conduct highly controlled experiments using well-defined exposure levels and (2) 
evaluate health outcomes and lung-retention levels at many different time frames following 
exposure. Extensive lung tissue sampling and other highly invasive tests in humans, on the 
other hand, are only feasible at autopsy. However, panelists identified key factors that must be 
considered when interpreting laboratory animal studies. These factors include differences in 
life span, macrophage size, and airway branching patterns; relevancy of high dose and 
administration methods (e.g., peritoneal injection); and failure to address certain human 
exposure conditions (e.g., smoking). Overall, the panelists generally agreed that laboratory 
animal studies can provide useful insights into toxicity to humans, provided the studies are 
interpreted in the proper context regarding their relevancy to humans. 
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the histopathological slides showed very intense pleural reactions. The panelists revisited 
this study (see Section 3.4) when discussing how chemical composition and surface 
properties might affect toxicity. 


One panelist synthesized the findings from these and other relevant laboratory animal studies. 


This panelist first noted that the rat is an adequate model for cancers in humans, because the rat 


has been shown to develop both mesothelioma and lung cancer, though he acknowledged that 


these cancers are not as aggressive in the rat as in humans.9 He added that the laboratory animal 


studies have allowed researchers to observe the progression of disease for both lung cancer and 


mesothelioma. Regarding the administration method, this panelist indicated that the inhalation 


studies were more relevant to human exposures. He noted that fiber administration by 


intrapleural implantation and intraperitoneal injection does not represent human exposures for 


several reasons (e.g., extremely large doses are administered in very short time frames, alveolar 


macrophage and mucociliary transport clearance mechanisms are bypassed, and the fibers 


inserted into the pleura might not be capable of reaching these tissues following inhalation 


exposure). 


Overall, this panelist believed that laboratory animal data using all administration routes have 


shown that short fibers of any type are less potent than long fibers, both for mesothelioma and 


cancer, but the relative potency has not been quantified. 


3.2 Noncancer Effects 


This section summarizes the panelists’ comments on the role of fiber length on noncancer effects 


and is also organized according to the different types of studies: occupational studies (Section 


9 The panelists noted differences in asbestos-related cancers in rats and humans. One panelist said that lung 
cancer in rats tends to be bronchioalveolar, and develops in the distal lung, while lung cancer in humans largely 
tends to occur in proximal areas of the lung. He wondered if differences in fiber deposition patterns (due to 
differing airway sizes and branching patterns) might explain differences in where lung cancers develop in rats and 
humans. Another panelist cautioned against expecting that lung cancer would develop in the same parts of the lung 
in rats and humans, primarily because of the confounding factor of cigarette smoking in humans. 
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3.2.1), studies of lung-retained fibers in humans (Section 3.2.2), and laboratory animal studies 


(Section 3.2.3). Each section is further organized by noncancer endpoint. Although many 


different endpoints were discussed (e.g., irritation, nephrosis), the majority of discussions 


focused on pulmonary interstitial fibrosis and pleural abnormalities (e.g., pleural plaques, pleural 


thickening, and calcification). 


3.2.1 	 Data from Occupational Studies 


Overall, the discussion leader for this topic area indicated, there is limited evidence of noncancer 


toxicity being associated with fibers less than 5 µm in length, with two exceptions. First, he 


indicated that very high doses to short fibers, especially those that are durable in intracellular 


fluids, may have the propensity to cause interstitial fibrosis. Second, he noted that exposure to 


short, thin durable fibers may play a role in development of pleural plaques or diffuse pleural 


fibrosis if the dose is high enough. The following paragraphs review the discussion that led to 


these summary statements: 


#	 Asbestos. One panelist noted that no epidemiologic studies have examined populations 
exposed only to short asbestos fibers, because actual exposures are inevitably to a broad 
distribution of fiber lengths. To address this issue, the panelists commented on data 
reported among Libby residents, particularly the prevalence of intense bilateral pleural 
fibrosis in community members—some of whom reportedly did not work in the local 
vermiculite mine or processing plant, and did not live with mine or mill workers. One 
panelist was particularly concerned about the role of short fibers, noting that a very large 
portion of fibers in the homes are too short or too thin to be counted by conventional PCM 
sampling methods. He added, however, that some researchers have speculated that short 
(<10 µm), thin (<0.4 µm), durable fibers, particularly tremolite asbestos, may 
preferentially deposit on the pleural surface and therefore be associated with pleural 
plaques. This panelist emphasized that the relevance of short, thin fibers and the risk for 
pleural abnormalities has only been speculated, and needs to be further investigated. The 
panelists also wondered if the intense pleural effects observed in the Libby cohort might 
be associated with the unique mineralogy of the Libby asbestiform fibers. Pleural plaques 
have been associated with environmental exposures in areas where tremolite fibers 
naturally occur (e.g., in certain regions of Greece, Cyprus, Turkey, Canada, the Czech 
Republic, Romania). 


Some discussion focused on the extent to which pleural effects are associated with 
occupational versus environmental exposures. Two panelists cautioned against attempting 
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to classify exposures in this manner, because some individual exposures were difficult to 
assess. For instance, some residents might not have worked at the mine or the mill or lived 
with mine or mill workers, but could have been highly exposed through routine contacts 
with these individuals in other settings. These panelists recommended that the discussion 
focus strictly on dose, regardless of the contributions from occupational and 
environmental exposures. 


#	 SVF. One panelist indicated that the available epidemiologic studies provide no indication 
of increased mortality from nonmalignant respiratory disease among occupational cohorts 
exposed to SVF. He then summarized morbidity data for several cohorts. The summary 
focused on SVF production workers. Although SVF “end users” (e.g., insulators, pipe 
fitters, heating/ventilation workers) have also been evaluated, these studies are commonly 
confounded by potential asbestos exposures. Overall, this panelist concluded that the 
available occupational studies indicate limited overall toxicity associated with SVF 
exposure, with the exception of RCF exposure being associated with pleural plaques. This 
conclusion was based on the following observations: 


	 For exposures to SVFs (all types), one panelist noted that multiple studies have 
found that SVF exposure among current or former smokers is associated with 
small additional decrements in forced vital capacity (FVC) and forced expiratory 
volume in 1 second (FEV1). He added that similar decrements in spirometric 
parameters are observed among other non-specific dust exposed industrial 
working populations, suggesting that the effect is not specific to SVFs. 


This panelist also reviewed studies, albeit limited ones, of skin irritation. These 
have reported irritation being related to mechanical effects of large diameter fibers 
(~5 µm in diameter), with increased irritation observed in hot, humid climates. 
Eye, upper respiratory, and lower respiratory irritation has also been reported in 
case studies among people accidentally exposed to high fiber concentrations, and 
these irritation effects are generally transient. 


	 For fiber glass and mineral wool, this panelist noted that the available studies 
(e.g., Hughes et al. 1993), though limited in number, provide no indication of 
chest radiographic, interstitial, or pleural changes among production workers. The 
panelist added that studies have suggested an increased mortality risk from 
nonmalignant renal disease (e.g., nephritis, nephrosis) in occupational cohorts 
exposed to mineral wool, but not among those exposed to fiber glass; he 
questioned the biological plausibility of these outcomes. 


	 For the more durable RCFs, the panelist indicated that occupational exposures 
have been associated with pleural changes, primarily pleural plaques. The pleural 
plaques were observed among approximately 3% of the production workers, but 
were found to be correlated with duration of RCF exposure, time since initial 
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exposure, and cumulative RCF exposure. The panelist added, however, that the 
available studies have not found RCF exposure to be associated with a statistically 
increased risk for pulmonary interstitial fibrosis. 


	 During this discussion, Dr. Ralph Zumwalde (NIOSH) informed the panel that, in 
the late 1970s, NIOSH studied the health implications among more than 2,000 
miners who were exposed to an attapulgite clay that has fiber-like characteristics 
(Waxweiler et al. 1988). The clay “fibers” were less than 5 µm long, with 
diameters of approximately 0.1 µm. Dr. Zumwalde noted that this study, which he 
recalled found excess lung cancer among whites, might be useful in ATSDR’s 
overall evaluation of short fibers. The increase in lung cancer deaths, however, 
was not associated with latency, duration of employment, or attapulgite exposure, 
and there was no increase in mortality from nonmalignant respiratory disease. 


Overall, the relevance of short asbestos and SVFs to noncancer disease in humans was not 


entirely known. For the SVFs, only the durable RCF was found to be associated with pleural 


plaques; exposures to RCFs were not associated with pulmonary fibrosis, and exposures to fiber 


glass and mineral wools had no indication of chest radiographic, interstitial, or pleural changes. 


For asbestos fibers, no studies have examined the effects of exposures exclusively to short fibers. 


Given data collected in Libby, Montana, however, some panelists questioned whether short fibers 


might play a role in the observed cases of pleural plaques and diffuse pleural fibrosis; but others 


cautioned against inferring that the risk results from exposure to short fibers, given that the Libby 


samples contained significant numbers of long fibers as well. 


3.2.2 	 Data from Human Studies of Lung-Retained Fibers (Noncancer) 


Two panelists reviewed publications (case-control studies, a study recently submitted for 


publication, and a case report) that examine the influence of fiber length retained in the lung on 


the grade of pulmonary interstitial fibrosis, which is reported on a scale from 0 to 12. A summary 


of these studies, organized by fiber type, follows: 


#	 Findings for tremolite asbestos. One panelist indicated that a study of tissues from 
chrysotile asbestos miners and millers reported an inverse relationship between fibrosis 
grade and length of tremolite fibers retained in the lung (Churg et al. 1989). In other 
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words, the most severe fibrosis was observed among those with smaller (on average) 
tremolite fibers in their lungs. Another study (Nayebzadeh et al. 2001) and a study recently 
submitted for publication (Case et al. 2002b) examined fibrosis grades for different length 
intervals of tremolite fibers: 0–5 µm, 5–10 µm, and 10–20 µm. Both studies found the 
highest average fibrosis grade occurred among those with the lowest tremolite fiber length 
interval, or for those with average tremolite fiber length less than 5 µm. 


#	 Findings for amosite asbestos. One study (Churg et al. 1990) examined lung tissue 
samples from a small group (<20) of shipyard workers and insulators selected from 
litigation cases. This study also found an inverse relationship between fibrosis grade and 
length of retained asbestos fibers (amosite fibers, in this case). 


#	 Findings for total asbestos fibers. One panelist summarized a study (Timbrell et al. 1988) 
that evaluated lung tissue samples at autopsy from workers exposed in different asbestos 
mines. Data were collected both for retained asbestos fibers and fibrosis score. The 
fibrosis scores were then correlated with lung-retained asbestos characterized by three 
different metrics: number of fibers, mass of fibers, and surface area of fibers. The 
correlation was best when the surface area of retained fibers was used as a dose metric. 
This panelist added that the surface area dose metric has correlated well with pulmonary 
inflammatory responses in other animal inhalation toxicity studies that examined 
inflammation, including fibrosis, following exposure to particulate contaminants that are 
poorly soluble with low chemical reactivity. The panelists referred to this study, which did 
not examine the role of fiber length, several times when discussing appropriate dose 
metrics. 


#	 Findings for aluminum oxide fibers. One panelist reviewed data from a case report (Churg 
et al. 1993) on an individual with diffuse interstitial fibrosis who was occupationally 
exposed to aluminum oxide fibers. The lung-retained fibers in this case were 
predominantly 3–4 µm long and 0.01 µm in diameter. The panelist indicated that these 
findings raise questions about the significance of short, thin, durable fibers in the lung, 
though he acknowledged that conclusions should not be drawn from a single case report. 


Several panelists commented on the trends among the aforementioned studies. Two panelists, for 


instance, noted that the trend of shorter fibers possibly being more toxic, at least in terms of 


interstitial fibrous, is counterintuitive. Two other panelists, on the other hand, noted that these 


findings suggest that, for interstitial fibrosis, the surface area of retained fibers may be more 


important than the fiber length, because larger amounts of short fibers would have considerably 


greater surface area than smaller amounts of long fibers. Finally, some panelists wondered if the 


apparent inverse relationship between fiber length and fibrosis score might be explained by long 
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fibers breaking down into shorter fibers between exposure and the time that lung samples were 


collected. 


3.2.3 	 Data from Laboratory Animal Studies (Noncancer) 


This section reviews the panelists’ discussions on noncancer outcomes from asbestos and SVF 


exposure identified in laboratory animal studies. Before addressing this topic, one panelist 


summarized how the mammalian lung responds to exposures to inert materials, whether fibrous 


or particulate: once an inert material deposits in the lung beyond the conductive airways, it will 


either dissolve or be engulfed and cleared by alveolar macrophages; if the dose exceeds the 


lungs’ capacity to clear the material, natural defense mechanisms may act, leading to fibrosis. 


Section 3.3 presents more details on the mechanisms involved in these steps. Specific comments 


on noncancer effects in laboratory animals, organized by endpoint, follow: 


#	 Inflammation, pulmonary interstitial fibrosis, and pleural reactions. The panelists 
presented several observations when summarizing findings from laboratory animal studies 
on noncancer effects in the lung and pleura. First, two panelists noted that many laboratory 
animal studies have found pulmonary interstitial fibrosis following exposures to both 
fibrous material and non-fibrous particles. The sequence of events leading to the fibrosis 
was described (see Dr. McConnell’s premeeting comments in Appendix B). When doses 
reach high enough levels, pleural reactions (e.g., localized acellular fibrotic changes) were 
observed, but one panelist questioned if the dose levels needed to elicit the pleural 
responses are relevant to environmental exposures in humans. Another panelist noted that 
the animal studies suggest that the pleural effects do not occur unless fibers are present in 
the pleura. When discussing interstitial fibrosis outcomes, one panelist said the long fibers 
appear to be more fibrogenic than the short fibers, though he stressed that short fibers 
alone are capable of generating fibrogenic responses if the dose is sufficiently high. The 
panelists’ premeeting comments include specific references to studies that reported 
relative toxicity of short and long fibers for noncancer outcomes (see Dr. Mossman’s 
premeeting comments in Appendix B). 


Reviewing specific studies, one panelist indicated that the intensity of noncancer 
responses in laboratory animals varies from one fiber type to the next. He noted, for 
example, that hamsters exposed to amosite asbestos had an increased incidence of pleural 
fibrosis, while hamsters exposed to comparable amounts of chrysotile asbestos did not; 
pulmonary fibrosis was evident, however, in both groups of hamsters. The panelist 
suspected that the different outcomes resulted from either the amosite fibers being more 
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durable (less soluble) in the lung or the amosite fibers being more likely to translocate to 
the pleura. 


One issue that generated significant discussion was the extent to which interstitial fibrosis 
progresses in laboratory animals and the relevance of disease progression to humans. One 
panelist noted that, in every animal study he has conducted and reviewed to date, 
interstitial fibrosis is progressive only when asbestos exposure is ongoing. After asbestos 
exposure ceases, he noted, no overt signs of progressive fibrosis are apparent, although 
this has not been quantified in a definitive way. The inflammatory responses, 
microgranulomas, and bronchiolization also tend to decrease. This panelist added that 
fibrosis does not appear to progress and macrophage response tends to decrease when the 
exposure ceases, even though long asbestos fibers remain in the animals’ lungs. He 
interpreted this trend as suggesting that short asbestos fibers in the original dose might 
play a role in stimulating an initial inflammatory response in the rats. Another panelist 
suggested that the lack of fibrosis progression, even in the presence of long fibers, might 
suggest that the retained fibers have been rendered inert (in comparison to the freshly 
inhaled fibers), possibly by being coated with biological fluids. In other words, he 
wondered if the freshly inhaled fibers are more likely to elicit cellular responses than 
fibers that have been in the lung for an extended period of time. 


Though not questioning the comments on fibrosis progression in animals, two panelists 
emphasized that the trends discussed above are not observed in humans. Citing their 
experiences evaluating shipyard workers and chrysotile miners, these panelists noted that 
fibrosis and pleural changes have progressed in humans, even after asbestos exposures 
ceased. Reasons why fibrosis might progress differently in rats and humans were not 
discussed. 


Commenting further on disease progression, one panelist indicated that certain noncancer 
effects and lung cancer appear to have consistent patterns in all animal studies he has 
reviewed, including studies of asbestos exposure and studies of exposure to non-fibrous 
particulate. Specifically, this panelist said he had not found any study in which a rodent 
had lung cancer, but did not have interstitial fibrosis; and he had never seen rodents with 
interstitial fibrosis in the absence of inflammation. These observations led the panelist to 
infer that lung cancer would not be expected to develop at doses that do not induce 
fibrosis or inflammation. He stressed that this inference is based solely on observations 
from previous animal studies and does not in any way suggest that fibrosis is a precursor 
to lung cancer—an issue that came up during the observer comments (see Section 3.6). He 
also added that this relative sensitivity of noncancer endpoints may not necessarily be 
observed in humans. 


#	 Irritation. One panelist noted that laboratory animal studies have not studied the extent to 
which asbestos and SVF irritate the skin and eye. He added that histopathological studies 
of the nasal cavity, pharynx, larynx, trachea, and conductive airways have not identified 
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evidence of irritation, though he acknowledged that the histopathological techniques might 
not have detected certain responses (e.g., increased mucus production). He cautioned that 
these results do not necessarily suggest that humans will not experience fiber-induced 
irritation in the nasal cavity, larynx, and upper respiratory tract, because the rat studies did 
not consider populations with impaired mucociliary clearance, as might be observed in 
smokers. Finally, this panelist indicated that ingestion studies in rats and hamsters have 
shown no evidence of irritation in the gastrointestinal tract. 


3.3 	 Mechanisms of Toxicity 


This section reviews the panelists’ comments on mechanisms of toxicity, primarily as presented 


by the two designated discussion leaders, Dr. Mossman and Dr. Wallace. After identifying 


several general advantages and disadvantages of in vitro studies, the discussion leaders reviewed 


current theories on mechanisms of toxicity for a wide range of fibers and analogous non-fibrous 


particles. This section reviews key points from those presentations. Emphasis is placed on what 


has been established or hypothesized regarding the relative toxicities of short and long fibers. For 


more detailed information on mechanisms of toxicity, refer to Dr. Mossman’s and Dr. Wallace’s 


post-meeting comments in Appendix E. 


#	 General comments on the utility of in vitro studies. To initiate discussions, one panelist 
listed several strengths and limitations associated with in vitro toxicity studies. First, she 
indicated that in vitro studies, when compared to laboratory animal studies, offer a far 
more controlled setting for examining mechanisms of toxicity and dose-response behavior 
for specific cell types. She acknowledged, however, that interpreting trends among studies 
using widely varying doses and multiple cell types can be complicated. Moreover, the in 
vitro studies are all limited in duration, typically lasting a few days, due to the limited life 
spans of isolated cells in the in vitro environment. Consequently, the in vitro studies 
cannot characterize dissolution, macrophage clearance, and other processes that occur over 
longer time scales. Finally, this panelist noted that doses to in vitro samples cannot readily 
be extrapolated to human inhalation exposures. 


#	 Role of reactive oxygen species (ROS). One panelist reviewed a widely accepted theory of 
how generation of ROS might explain asbestos-related toxicity. She indicated that alveolar 
macrophages, as they attempt to digest foreign fibers and particles, produce an “oxidative 
burst” and release ROS. (Other cell types that contact asbestos fibers also release ROS.) 
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These ROS can initiate sequences of events that have been shown in vitro to lead to 
outcomes such as genotoxicity, cytotoxicity, and cell proliferation. 


This panelist highlighted two key observations regarding ROS. First, in vitro studies have 
shown that alveolar macrophages generate more ROS when attempting to digest longer 
fibers, while shorter fibers can be engulfed completely by macrophages (and other cell 
types) with no visible damage to the cells. Second, she noted that ROS can form highly 
reactive hydroxyl radicals via a reaction that is facilitated by the presence of iron. 
Therefore, long, iron-containing fibers, like several amphibole asbestos fibers, are capable 
of generating an intense “oxidative burst,” which might explain their greater potency, 
when compared to fibers that do not contain iron. Finally, this panelist noted that 
researchers can prevent pulmonary fibrosis in animals by administering free radical 
scavengers or other substances that interfere with ROS formation and reactions—a finding 
that argues strongly for ROS having a causative role in inducing asbestos-related fibrosis. 


Overall, this panelist noted that many aspects of the ROS theory help explain how fiber 
length and, to a lesser extent, mineral content relate to toxicity and why shorter fibers are 
substantially less toxic than longer ones. She presented results from several in vitro studies 
(e.g., Ohyama et al. 2001) that confirm that longer fibers generate a greater “oxidative 
burst” when they are not ingested by alveolar macrophages. 


#	 Effects on cell signaling events. The panelist then described current research that has 
characterized effects of asbestos- and fiber-related cell signaling events. She explained 
that these events originate when fibers interact with cell surfaces, after which the cells 
activate transcription factors that mediate various outcomes which can be measured in 
vitro, such as cell proliferation, cell transformation, and cell death. She noted that cell 
proliferation is an important step in development in both malignant and nonmalignant 
disease. 


The panelist then described studies examining how selected signaling pathways are 
affected by asbestos and glass fibers of different lengths. She summarized studies that 
demonstrated activation of transcription factors and cell proliferation. First, the panelist 
reviewed a study (Ye et al. 1999) in which mouse macrophage cell lines were challenged 
with two formulations of fiber glass mixtures, one with average length of 6.5 µm, the 
other 16.7 µm. These challenges caused production of tumor necrosis factor-alpha (TNF
), a cytokine involved in inflammation and fibrosis, which in turn caused activation of 
nuclear factor-B. Gene promoter activation induced by the short fibers was found to be 
between one-third and one-half what was observed for the long fibers. 


Second, the panelist reviewed in vitro studies that examined specific aspects of cell 
proliferation. Although cell proliferation relates to cancer outcomes, she emphasized that 
development of mesothelioma and lung cancer is a multi-stage process with a long latency 
period, which cannot be captured in the short time frame of an in vitro study. The panelist 
identified many studies (see Appendix E) demonstrating that longer fibers are more apt to 
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cause cell proliferation than are short fibers, whether from tracheal explant studies (e.g., 
Sesko and Mossman 1989) or intratracheal models in rats (Adamson and Bowden 1990). 


#	 Studies of asbestos genotoxicity. The panelist indicated that researchers have been 
studying the genotoxicity of asbestos, both in vivo and in vitro, for more than 20 years. 
These studies examined a wide range of endpoints (e.g., cell transformation, chromosomal 
aberrations, gene mutation) in various matrices. The panelist focused, however, on a series 
of studies conducted to examine the role of fiber length on cell transformation and 
cytogenetic effects (Hesterberg and Barrett 1984, 1985; Hesterberg et al. 1986). These 
studies demonstrated that long, thin fibers are most potent for both types of effects, and 
the shortest fibers examined (less than 1.7 µm long) had no indication of tumorigenic 
potential. These findings, she noted, indicate that longer fibers are again more toxic, with 
some suggestion that fibers below a certain length threshold may not be carcinogenic at 
all. 


#	 Observations regarding mechanisms of toxicity from non-fibrous particulates. One 
panelist addressed mechanisms of action for non-fibrous particulates having compositions 
similar to those in asbestos and SVFs. First, he indicated that non-fibrous crystalline silica 
is strongly pathogenic for fibrotic lung disease, while two polymorphs of crystalline 
silica—quartz and cristobalite—have recently been classified as carcinogenic (IARC 
1997). In contrast, amorphous silica (more akin to SVFs) has not been shown to cause 
lung cancer or mesothelioma in rodents (IARC 1987). Exposure to the crystalline silica 
polymorphs can directly damage cells, resulting in intracellular generation of reactive 
oxygen species and a cascade of events (e.g., synthesis and release of cytokines, cell 
proliferation, secretion of collagen into the extracellular space) similar to the those evoked 
by asbestos fiber. In vitro studies have shown that silanols (hydroxyl groups on the 
crystalline surface) are associated with the initial damage to cells: loss of surface silanols 
caused the crystalline silica to exhibit less damaging activity, and subsequent formation of 
silanols restored the silica’s toxicity (Pandurangi et al. 1990). These and other studies (see 
Appendix E) suggest that surface chemistry plays a role in silica’s toxicity. 


This panelist noted that an important but generally ignored component for physiologically 
representative in vitro bioassays is that particles and fibers depositing in the lung initially 
contact the aqueous “hypophase” lining on the terminal airway and airsac surfaces. The 
hypophase layer is rich with micellar dispersion of surfactant, composed largely of lipids 
and lipoproteins. Of particular note, the hypophase can be simulated in vitro with 
dipalmitoyl phophatidyl choline (DPPC) dispersed in physiological saline. Silica particles 
and other materials deposited in the lung have been shown to adsorb the surfactant, which 
extinguishes short-term cytotoxicity—another observation indicating that the toxicity of 
particles in the lung is affected by surface chemistry. This panelist noted that the alveolar 
hypophase contains more than enough surfactant to coat and neutralize the entire surfaces 
of respirable particles, even in most high dust exposures (Wallace et al. 1975). 
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Although the volume of surfactants in the alveolar hypophase is sufficient to coat respired 
particles completely (even in high dust exposures) and thus is theoretically capable of 
extinguishing the particles’ toxicity, this panelist indicated that the toxicity can be restored 
when other cellular mechanisms remove the protective surfactant cover. Specifically, 
macrophages can engulf surfactant-coated particles, where they are subject to 
phagolysosomal enzymatic digestion which can remove the surfactant film and thus 
restore toxicity. Some study has shown that the surfactant film is more readily removed 
from crystalline silica than it is from kaolin, which suggests a mechanism by which quartz 
may be more toxic than kaolin; however, experimental study has not demonstrated that 
particle de-toxicification and re-toxicification explains the relative toxicities of these 
materials. Thus, surfactant coating of foreign particles deposited in the alveolar space 
again appears to play an important role in toxicity. The influence of surface chemistry has 
also been observed in quartz particles having alumino-silicate surface contamination; for 
such particles the surface contamination can delay for months or perhaps years the 
expression of fibrogenic activity. 


Finally, this panelist noted that researchers might glean greater understanding of the main 
site of asbestos fibrogenic activity from theories reported for crystalline silica. He 
explained that a series of studies (e.g., Bowden et al. 1989) suggests that fibrosis results 
from a sequence of events following interactions between crystalline silica and interstitial 
cells, rather than interactions with alveolar macrophages. Specifically, it is hypothesized 
that interactions with the interstitial cells control the stimulation of exacerbated collagen 
synthesis by pulmonary fibroblasts; whereas, interactions with macrophages are 
hypothesized as being responsible only for an inflammatory response (not fibrosis) 
evoking neutrophil influx to the alveolus. This panelist suggested that further research on 
the mechanisms of fibrogenic toxicity for asbestos should consider interactions with 
interstitial cells, rather than focusing largely on responses initiated by interactions with 
alveolar macrophages. 


#	 Comparisons between fibrous minerals and crystalline silica particles. This panelist noted 
that the available in vitro studies do not explain comprehensively how asbestos fibers and 
crystalline silica particles differ in inducing fibrosis. Although they identify several 
endpoints that asbestos and crystalline silica have in common, the studies cannot predict 
why asbestosis appears as a diffuse fibrosis, while silicosis appears in localized nodules. 


However, some research provides insights on differences between how long fibers, short 
fibers, and particles contribute to cytotoxicity. Specifically, an in vitro study (Liu 1994) 
examined whether surfactant coating inhibits the cytotoxicity of asbestos. (As the previous 
bulleted item indicates, similar studies found that surfactant coating virtually extinguished 
the short-term toxicity of crystalline silica particles.) In the study, Chinese hamster lung 
cells were tested for micronucleus induction after being challenged with surfactant-coated 
chrysotile asbestos. The study considered how induction differs between long fibers 
(average fiber length of 101 µm) and shorter fibers (average fiber length of 11.6 µm). It 
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found a slight, but not significant, decrement in cytotoxic endpoints for the long fibers and 
a considerable, statistically significant decrement for the shorter fibers. The findings 
suggest that surfactant coating is less effective at impairing toxicity for longer fibers. 


Although the studies on crystalline silica underscored the role of surface chemistry in 
eliciting toxic responses, changes in the surface composition in chrysotile asbestos were 
found to have no significant effect on in vitro genotoxic activity (Keane et al. 1999). 
Specifically, fibers that had been mildly leached to remove near-surface magnesium atoms 
exhibited comparable genotoxicity to fibers that were not treated with the leaching 
solution. 


Based on his review of these and other studies, one panelist suggested that more than one 
mechanism of toxicity may operate for asbestos and SVF, and the roles of the individual 
mechanisms might depend on fiber length. He explained that “frustrated phagocytosis” 
and its ensuing events clearly appear more relevant to long fibers (i.e., long fibers are 
much more likely to be only partially engulfed by alveolar macrophages), while a toxicity 
mechanism mediated by surface properties of phagocytized material (e.g., restoration of 
fiber toxicity in the intracellular matrix) would be more relevant to short fibers. In other 
words, part of the short fiber toxicity might be related to mechanisms involving surface 
chemistry, which were described in the previous bulleted item. This panelist added, 
however, that additional mechanisms could contribute to toxicity. As one example, he 
indicated that asbestos fibers penetrating the cell or cell nucleus may exercise modes of 
direct genetic or epigenetic damage. Whatever the mechanisms of direct fiber damage or 
stimulation of the cell surface, he noted, several components of the consequent 
intracellular response have been well defined. Appendix E provides additional detail on 
the responses that have been characterized, and the influence of fiber length on these 
responses. 


#	 Recent advances in fiber preparation methods. One panelist noted that researchers at 
NIOSH have been developing a fiber size classifier (separator) that permits in vitro or 
perhaps limited in vivo experiments with sets of fibers of fairly well-defined length (Baron 
et al. 1994). The dielectrophoretic classifier reportedly can separate fibers from an 
airstream and produce about 1 mg/day of a given size interval. The panelist indicated that 
this preparation method recently was used to generate the following categories of fiber 
size intervals: 


Cut 
Fiber Length Fiber Diameter 


Average (µm) Standard Deviation (µm) Average (µm) Standard Deviation (µm) 


1 32.7 23.5 0.75 0.50 


2 16.7 10.6 0.49 0.27 


3 6.5 2.7 0.44 0.22 


4 4.3 1.0 0.40 0.15 


5 3.0 1.0 0.35 0.14 
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This panelist noted that the preparation technique may now allow researchers to 
investigate the influences of fiber length more rigorously. Some panelists noted that the 
distribution of fiber lengths in the first “cut” is quite broad, but other panelists indicated 
that the subsequent “cuts” were more narrowly distributed. 


One panelist illustrated the utility of the fiber preparation technique by reviewing findings 
from a recent publication. In initial studies with these size-classified materials, NIOSH 
research compared fibers from “Cut 2” and “Cut 3” (see table above) for their induction of 
the cytokine cascade cellular responses (Ye et al. 1999). The longer fiber sample was more 
active when dose was measured as fibers per cell, but the shorter fiber sample was equally 
or more active when dose was characterized on a surface area or mass basis. One panel 
member noted that this was of interest in the context of the previously presented “counter
intuitive” histopathology reports (see Section 3.2.2) associating fibrosis with short fiber 
exposures. 


3.4 	 General Comments and Interpretations 


While discussing the influence of fiber length on asbestos and SVF toxicity, the panelists made 


several general comments and interpreted observations from the laboratory animal, human, and 


in vitro studies. This section summarizes these general comments and interpretations, while 


Section 4.1 reviews the panelists’ individual summary statements provided at the end of the 


meeting. 


#	 Evaluating toxicity based on the “reasonable certainty of no harm.” When discussing 
asbestos and SVF toxicity, the panelists discussed the terminology they should use to 
characterize the hazard of fibers less than 5 µm long. One panelist recommended that the 
panelists consider whether the short fibers have a “reasonable certainty of no harm,” 
drawing from the language promulgated in the Food Quality Protection Act. Given that 
dose-response data for humans or animals uniquely exposed to fibers less than 5 µm is 
largely not available, most panelists agreed that the terminology proposed was appropriate 
for their conclusions. They also noted that separate conclusions should be drawn for 
different endpoints, using a weight-of-evidence approach that draws from all types of data, 
including dosimetric, toxicologic, epidemiologic, and in vitro testing. 


#	 Do fibers shorter than a certain length have a “reasonable certainty of no harm”? The 
panelists debated whether summary statements could be made regarding whether fibers of 
certain length intervals have a “reasonable certainty of no harm.” Two panelists suggested 
that environmental exposures to fibers shorter than 5 µm would likely be free of 
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carcinogenic effects. Other panelists, however, felt uncomfortable making such judgments 
for noncancer effects (e.g., pleural abnormalities), especially considering the evidence 
summarized in Section 3.2. Refer to Section 4.1 for the panelists’ individual summary 
statements regarding the influence of fiber length. 


#	 Why arbitrarily establish critical fiber lengths? Because humans are always exposed to 
fibers with a wide distribution of fiber lengths, one panelist wondered if ATSDR or 
environmental agencies could develop a universal algorithm that quantifies health risks 
associated with different types of fiber mixtures. For instance, an algorithm might include 
different relative toxicity factors for different fiber length intervals (e.g., 0–5 µm, 5–10 
µm, 10–20 µm, and so on). Such data could then be applied to the distribution of fiber 
lengths measured in the environment to assess site-specific risks. This panelist 
acknowledged that the relative toxicity data do not appear to be available to support this 
approach, but he noted such a universal algorithm would be far less arbitrary than 
completely ruling out fibers having dimensions below a certain level. He added that such 
an algorithm can eventually account for other factors (e.g., biopersistence) that are also 
known to affect toxicity. In short, this panelist indicated that it is theoretically possible to 
express health risk as a function of fiber dose, dimension, and durability, though he noted 
that one would need additional research into dose-response and extensive inputs from 
biostatisticians to develop such an algorithm. 


#	 Other influences on toxicity. While recognizing that the focus of the meeting was on how 
fiber lengths affect toxicity, the panelists noted that many additional factors determine the 
toxicity of a fiber mixture. Examples of other factors include dose, fiber composition 
(mineral type), physical state (amorphous or crystalline), surface area, and surface 
properties. The panelists cited several examples of why length alone might not adequately 
predict toxicity. First, the panelists noted that the cancers observed in the study of rats 
exposed to erionite (Wagner et al. 1985) could not be explained by fiber length alone; they 
suggested that the unique findings of this study might be best explained by unique surface 
chemistry or the mineral’s relatively large internal surface area (2.5 m2/gram). Second, the 
panelists noted that fiber durability likely explains why asbestos fibers and SVFs of the 
same length are not equally toxic. Due to these and other observations, a panelist noted, 
ATSDR might overlook other important factors that influence toxicity if it focuses 
exclusively on fiber length. 


3.5 	 Research Needs 


The panelists identified several research needs when discussing the influence of fiber length on 


health effects. In general, the panelists encouraged thorough planning of any future study, 


emphasized the need for having well characterized exposures, and advocated involving 
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researchers from multiple disciplines (e.g., epidemiologists, physicians, toxicologists, 


mineralogists). All research needs mentioned during this session of the meeting are documented 


here: 


#	 Several panelists indicated that further study should be conducted among the residents of 
Libby, Montana, to understand the effect of fiber length on toxicity. One suggestion was, 
through the cooperation of the community and consent of residents, establishing a protocol 
to analyze lung and pleural tissue from community members who die, regardless of the 
cause of death. Another suggestion was to track the progression of the observed pleural 
disease. 


#	 Given the health outcomes observed in Libby, one panelist encouraged focusing future 
research in laboratory animals on understanding fiber dose-response behavior for the 
visceral and parietal pleura. Such studies could use fibers from Libby to examine how 
doses to the pleura and progression of toxic responses vary with fiber length and between 
fibers and non-fibrous particles. Another panelist added that a well-constructed study can 
investigate multiple toxic endpoints. 


#	 For added insights on toxicity of short fibers, possibly those from Libby or Lower 
Manhattan, the panelists suggested conducting an in vitro study using several cell types 
(e.g., rat pleural mesothelial cells, tracheal epithelial cells) to examine multiple endpoints 
that can be confirmed in animal models, such as cell proliferation and cytotoxicity. 


#	 One panelist suggested that future study of environmental exposures could focus on 
residential development in areas with increased levels of naturally occurring tremolite 
asbestos (e.g., the Sierra foothills in California), but he added that a high level of 
cooperation from the local community would be essential to the success of any such study. 


#	 To assess human health effects associated with exposures to short fibers, one panelist 
recommended follow-up study of two cohorts of miners, one in South Dakota and one in 
Minnesota, who were exposed predominantly to short cummingtonite-grunerite fibers. 
Further study would take into account a longer latency period and might reveal insights on 
the role of fiber length in toxicity. 


#	 Several panelists encouraged NIOSH to continue to re-analyze personal exposure samples 
collected on membrane filters in the 1960s and 1970s from textile workers in Charleston, 
South Carolina. This suggestion followed an observer comment that informed the panel of 
NIOSH’s planned work on this project. 
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3.6 Observer Comments and Ensuing Discussions 


Observers were given two opportunities to provide comments on the second day of the meeting. 


The panelists were not required to respond to the observer comments. However, some comments 


led to further discussion among the panelists, as documented here. The observer comments are 


summarized in the order they were presented: 


Comment 1: John Hadley, representing the North American Industrial Manufacturers 


Mr. Hadley summarized selected IARC publications regarding the toxicity of SVFs. First, 
he noted that IARC has accounted for the influence of fiber length in one of its 1997 
monographs (IARC 1997). Specifically, IARC classified palygorskite (attapulgite) fibers 
longer than 5 µm in “Group 2B,” or “possibly carcinogenic to humans (limited human 
evidence; less than sufficient evidence in animals).” On the other hand, IARC classified 
palygorskite (attapulgite) fibers less than 5 µm in “Group 3,” or “not classifiable.” Mr. 
Hadley added that IARC researchers recently published an article on rock and slag wool 
production workers (Kjaerheim et al. 2002) indicating “no evidence of carcinogenic effect 
on the lung of rock and slag wool under exposure circumstances in the production industry 
during the last four to five decades.” 


Panelists’ Discussions: No panelists addressed this comment. 


Comment 2: David Bernstein, consultant in toxicology 


Dr. Bernstein asked the panelists to provide more information on the lung-retention 
studies (e.g., how much of the lung was sampled, what parts of the lung were sampled, 
how representative are the samples of fiber loading in the entire lung). 


Panelists’ Discussions: One panelist summarized details of the lung-retention 
sampling performed in studies he authored, and he suggested that observers refer 
to the original publication for additional details. In one study, this panelist 
indicated, samples from the periphery and the central parenchyma were collected 
systematically from longitudinal sections of the entire lung. He noted that 
preferential sampling (e.g., diseased locations) did not occur, and he added that 
the study addressed concerns about sampling bias by collecting larger amounts of 
samples from a given lung. 
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Comment 3: Aubrey Miller, EPA 


Dr. Miller asked the panelists to comment on research opportunities to examine why 
certain health outcomes (e.g., pleural abnormalities) are being observed in Libby, but have 
not been reported (and perhaps not examined) in other mining communities with generally 
similar doses as gauged by conventional fiber sampling methods (PCM). He wondered if 
research should be conducted in other mining communities to search for pleural 
abnormalities or if it should focus on understanding what makes the Libby experience 
unique. 


Panelists’ Discussion: One panelist indicated that extensive research has already 
been conducted to characterize mining communities in Quebec. He noted that the 
fibers have been well characterized and health effects thoroughly studied and 
identified key differences between these sites. For instance, there are far more 
asbestosis cases in Quebec miners, but the panelist noted that this might result 
simply from the larger size of the work force in Quebec. The proportional 
numbers of, and SMR for, lung cancers among workers are in fact twice as high 
among the vermiculite miners in Libby than among chrysotile miners and millers 
in Quebec. Additionally, there is more evidence of pleural disease in the Libby 
cohort. 


Comment 4: Mark Maddaloni, EPA Region 2 


Mr. Maddaloni asked the panelists to discuss residential cleanup issues associated with 
WTC dusts in Lower Manhattan, where fibers in dust samples are largely (80% to 90%) 
shorter than 5 µm and the asbestos fibers found are almost entirely chrysotile. He was 
specifically interested in dose-response data for short asbestos fibers and whether the 
panelists could establish a dose level for short fibers that constitute “a reasonable certainty 
of no harm.” 


Panelists’ Discussion: Several panelists commented on this matter. One panelist, 
for instance, emphasized that focusing on fibers less than 5 µm is an arbitrary 
decision. He noted that residents are ultimately exposed to a complex mixture of 
fibers of many lengths. Further, this panelist indicated that virtually all dust and 
air samples contain large amounts (perhaps 80% to 90%) of short fibers, and the 
fact that WTC dust is composed largely of short fibers is not unusual. He 
indicated that, at most sites, concentrations of long fibers and concentrations of 
short fibers are correlated. Due to this correlation, this panelist argued, when 
measurements suggest that low levels of long fibers are present, one can have a 
“reasonable certainty of no harm” not only from the long fibers but also from the 
short fibers, because they are found in proportional amounts. Some panelists 
suggested that EPA consider using threshold limit values to evaluate the exposure 
levels. 
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Panelists expressed differing opinions on how to evaluate exposures. One panelist 
suggested that exposures to WTC have decreased considerably from the large 
amounts found immediately after September 11, 2001. One panelist, however, 
noted that the presence of fibers in household dusts presents an opportunity for 
ongoing exposure; he added that this exposure scenario differs from what has been 
evaluated in the literature among occupational cohorts of adults. 


Comment 5: David Bernstein, consultant in toxicology 


Dr. Bernstein commented on laboratory animal studies conducted for the European 
Commission. In these studies, rats were administered fibers both by inhalation and by 
interperitoneal injection. Though he agreed with the panelists’ comments that inhalation 
administration is most relevant to human exposure, Dr. Bernstein cautioned against 
disregarding the data from interperitoneal injection studies, which have addressed the 
issue of fiber length. For example, he said recent data from the interperitoneal injection 
studies has shown that fiber length correlates better with cancer risk in rats than does the 
dose. Dr. Bernstein added that these studies found that the dose for short fibers had to be 
increased by orders of magnitude to elicit the same carcinogenic responses as observed for 
long fibers. 


Panelists’ Discussions: No panelists addressed this comment. 


Comment 6: Joel Kupferman, New York Environmental Law Project 


Mr. Kupferman urged the panelists, when discussing the WTC site, to not assume that 
exposures have ceased because much of the dust has settled. He noted that asbestos still 
remains throughout Lower Manhattan: in homes, in fire trucks, and in ventilation systems. 
He mentioned that dusts from some fire trucks have contained as much as 5% (by weight) 
asbestos. Mr. Kupferman asked the panelists to consider the fact that asbestos exposure is 
still occurring. 


Panelists’ Discussions: One panelist noted that the observer raised an important 
point. He added that researchers can investigate the exposure potential of these 
settled dusts through “comprehensive air sampling,” during which time surfaces 
are disturbed to simulate actual work or home exposure situations. The panelists 
revisited this issue when making their final recommendations (see Section 4). 


Comment 7: Ralph Zumwalde, NIOSH 


Dr. Zumwalde suggested that, when recommending research needs, the panelists not only 
consider long-term projects that would help characterize dose-response, but also projects 
that might help ATSDR make prudent public health decisions in the short term. Regarding 
the short fibers, he asked the panelists to discuss research needs to characterize possible 
links between short fibers and inflammation and fibrosis (e.g., how do fibrosis grades in 
animals compare to those in humans? are rats an appropriate model for these endpoint?). 
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Panelists’ Discussions: One panelist noted that several human studies have 
examined relationships between asbestos exposure (as gauged by lung-retained 
fibers) and fibrosis grade, but two panelists noted that comparable studies in 
which the length distribution of fibers was known have not been performed in 
animals. 


Comment 8: Suresh Moolgavkar, University of Washington 


Regarding the panelists’ comments on progression of fibrosis, Dr. Moolgavkar cautioned 
the panelists about assuming that fibrosis is an intermediate endpoint for lung cancer, 
because these two endpoints result from very different pathogenic processes. Noting that 
toxicologists have long assumed linear dose-response relationships for cancer and 
threshold dose-response behavior for noncancer effects, he argued that low exposures 
levels might pose a risk (albeit small) for lung cancer and perhaps no risk for fibrosis. 


Panelists’ Discussions: One panelist agreed that fibrosis and lung cancer develop 
from different pathogenic processes. He explained that the animal studies he has 
conducted and reviewed involving fibrous and particulate materials all suggest 
that lung cancers are not observed in the absence of fibrosis. He emphasized that 
this does not mean that fibrosis is on a causal pathway for lung cancer, but rather 
demonstrates different dose-response behavior for the two outcomes, namely that 
fibrosis outcomes in animals appear to occur at lower doses than do cancer 
outcomes. 


Comment 9: Jay Turim, Sciences International, Inc. 


Mr. Turim asked the panelists to clarify comments made on disease progression. 


Panelists’ Discussions: One panelist responded, explaining that he has not 
observed overt progression of interstitial fibrosis in animals after asbestos 
exposures cease. He added that inflammatory response, microgranulomas, and 
bronchiolization tend to decrease after fiber exposures ceases, even for amosite. 
He said this has been observed both in rats and hamsters. This panelist 
acknowledged that these findings from laboratory animal studies may not be 
relevant to humans. Addressing this final point, two panelists indicated that 
progression of fibrosis has “absolutely” been observed in humans after cessation 
of exposure. 
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4.0 	 Conclusions and Recommendations 


This section reviews the panelists’ individual conclusions (Section 4.1) and summarizes remarks 


from the final observer comment period (Section 4.2). 


4.1 	 Panelists’ Final Statements 


After addressing all agenda items, each panelist was asked to make a final statement with his or 


her individual conclusions and recommendations. These summary statements were used to draft 


the executive summary of this report. A review of the summary statements, in the order in which 


they were presented, follows: 


#	 Dr. Case’s summary statement. Dr. Case said there is a strong weight of evidence that 
asbestos and SVFs shorter than 5 µm do not cause cancer in humans and no further 
research is needed on this matter. For lung fibrosis or asbestosis, on the other hand, he 
noted that the role of fibers shorter than 5 µm is not as clear and might require further 
study. Dr. Case suggested designing a laboratory animal study to characterize the extent to 
which fibers translocate into the pleura, and to determine whether translocation 
preferentially occurs for any fiber dimensions or types. 


To prevent health effects from occurring in the future, Dr. Case noted that scientists need a 
better understanding of exposure levels; he advocated characterizing the fiber length 
distribution in exposure samples at sites with residential exposures. For the Libby site, Dr. 
Case indicated that further research is needed to understand the unusual pleural pathology 
among residents. He suggested conducting systematic further study of available data, 
including more blinded reading of x-rays and examination of pleural histopathology data, 
if they exist. Dr. Case also recommended cooperating with communities believed to have 
elevated asbestos exposure (e.g., Libby) to establish protocols to obtain human lung 
specimens after death; these protocols must ensure that blinded analysis of samples occurs 
and matched controls are selected. 


#	 Dr. Lockey’s summary statement. Dr. Lockey first said he concurred with the conclusions 
of Dr. Case. He then identified several research opportunities for Lower Manhattan and 
Libby—two sites where contamination with short fibers has been observed in residential 
communities. 
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Regarding the WTC site, Dr. Lockey recommended that health agencies characterize 
exposure in residential settings using proper industrial hygiene measuring techniques, such 
that the samples collected reflect personal exposures while individuals perform their 
normal activities of daily living. He suggested that samples be analyzed for asbestos fiber 
content using conventional analytical methods (i.e., those that count fibers longer than 5 
µm) and that particulate samples be collected to characterize the amount of material 
shorter than 5 µm. Dr. Lockey indicated that health agencies could then compare the 
measured level of fibers longer than 5 µm to occupational exposure limits with 
appropriate adjustment factors to account for the fact that potential sensitive sub
populations, such as children, are being potentially exposed. To evaluate particulate levels, 
Dr. Lockey recommended, health agencies should compare the measured levels of 
particulates to current recommended occupational and environmental exposure levels and 
to sampling results from similar non-WTC urban areas to determine if elevated particulate 
exposures are occurring. He added that the available human and animal data suggest that 
“asbestos particulate” (i.e., asbestos fibers shorter than 5 µm) does not present a hazard for 
cancer or, in the case of the relative short term exposure from WTC, pulmonary 
asbestosis. 


Regarding the Libby site, Dr. Lockey identified several data gaps and research needs. 
First, he again suggested that future exposure assessment work involve collecting air 
samples that best reflect personal exposure levels during typical activities of daily living, 
including personal air sampling for populations—such as children—that have potentially 
high exposures because of environmental activities. Dr. Lockey recommended that health 
agencies refer to the existing literature to determine the implications of exposures to fibers 
longer than 5 µm. Dr. Lockey was not sure how to evaluate risks of pleural abnormalities 
associated with exposures to short, thin, durable tremolite fibers, because these fibers 
typically have not been quantified in previously published scientific articles. He did 
recommend, however, that ATSDR study chest x-ray results from the Libby population to 
quantify the number of residents with pleural plaques and diffuse pleural fibrosis. This 
distinction, he noted, is important because the medical literature reports that diffuse 
pleural fibrosis can impair pulmonary function and can be a very progressive disease, 
while pleural plaques have, in themselves, more limited clinical significance. Dr. Lockey 
also recommended that ATSDR investigate whether correlations exist between the 
pulmonary function tests (e.g., spirometric results) and the types of pleural abnormalities 
observed. Finally, Dr. Lockey supported a recommendation made previously to initiate a 
protocol to conduct lung tissue analysis among residents. 


#	 Dr. McConnell’s summary statement. Dr. McConnell first said he supported most of the 
conclusions and recommendations identified by Dr. Case and Dr. Lockey. His main 
finding for the meeting was a review of the trends among the laboratory animal studies. 
Dr. McConnell indicated that these animal studies consistently demonstrate that fiber 
pathogenicity increases with fiber length. However, he noted that short fibers, if 
administered in high enough doses, can also produce disease. 
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Regarding future research directions in animal studies, Dr. McConnell encouraged health 
and environmental agencies to specify exactly what questions must be answered in order 
to address health issues at sites of concern. Once agencies indicate the fiber type, dose, 
fiber length distribution, and health endpoint of concern (e.g., pleural changes), then 
toxicologists can design and conduct animal studies to address these specific issues. 


#	 Dr. Lippmann’s summary statement. Dr. Lippmann supported the other panelists’ 
recommendations for characterizing personal exposures at sites where asbestos and SVF 
contamination is in residents’ homes. Sampling of indoor environments during simulated 
extreme activity was also recommended. Dr. Lippmann suggested that sampling from 
these sites continue to use the conventional fiber counting methods (i.e., counting those 
longer than 5 µm), but recommended that environmental and health agencies archive the 
sampling filters for further analysis in the future, should the need for examining shorter 
fibers become necessary. He added that fiber sampling and analytical protocols should be 
standardized and adopted to ensure that samples collected from different sites for different 
purposes can be compared. 


Dr. Lippmann encouraged further research into site-specific issues, such as pleural disease 
in Libby, but he also recommended that future laboratory animal studies quantify fiber 
dose-response behavior as a function of fiber composition and fiber dimension. He 
indicated that short-term research needs should be identified and met with appropriate 
screening studies or intermediate studies. 


#	 Dr. Mossman’s summary statement. Dr. Mossman agreed with other panelists’ suggestions 
and recommendations. She supported initiating further human studies at sites such as 
Libby, but she added that additional studies of laboratory animals are needed to quantify 
how dose-response varies with fiber dimension and durability. Dr. Mossman also 
indicated that in vitro studies can (a) provide insights, within a short time frame, into 
important questions about relative toxicity of various materials (e.g., fibers of different 
lengths, fibers with different mineral content), (b) further examine theories of mechanisms 
of toxicity, and (c) direct future research in laboratory animals. She recommended that 
such studies challenge target cells with well-characterized fiber samples to study how fiber 
length relates to cell proliferation, DNA damage, and cytotoxicity. Dr. Mossman 
emphasized that such short-term studies should use appropriate positive and negative 
controls and should select endpoints that can be later confirmed in animal studies. 


#	 Dr. Oberdörster’s summary statement. Dr. Oberdörster concluded that most of the 
available data suggest that fibers less than 5 µm in length behave like non-fibrous 
particles; however, he noted that a few recent publications (e.g., Brown et al. 2000) have 
raised some questions about this. To determine more conclusively whether short fibers 
truly behave like particles and to assess how fiber dimension relates to toxicity, Dr. 
Oberdörster recommended conducting a simple intertracheal instillation study in rats with 
different fiber length categories using lung lavage, pleural lavage, and histopathology to 
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characterize toxic endpoints. For each asbestos and SVF material tested, he suggested 
evaluating dose-response for different size-selected fiber samples, as well as for an 
analogous non-fibrous material; if needed, this could be followed by a more expensive 
inhalation study with different well-defined fiber size categories. Second, Dr. Oberdörster 
recommended that future public health evaluations consider susceptible populations for 
asbestos and SVF exposure. 


#	 Dr. Wallace’s summary statement. Dr. Wallace recommended that future research take 
advantage of the emerging capability of generating samples of well-classified fibers, 
particularly those in the range of small fiber lengths. He believed this new capability can 
support very meaningful in vitro studies, such as those described in Dr. Mossman’s 
summary statement, which can then lead into nasal-inhalation studies in rats. Recalling the 
experience of conducting in vitro studies for crystalline silica, Dr. Wallace urged very 
thorough planning of future in vitro studies of short asbestos and SVFs to ensure that the 
assays selected model the surface conditioning of deposited materials which occurs in 
vivo, especially for short fiber studies, to avoid false positive results. Dr. Wallace 
recommended that priority be placed on investigating the correlation between short 
asbestos fibers in the lung and pulmonary interstitial fibrosis (see Section 3.2.2), given the 
toxicologic findings of in vitro activities of short glass fibers (Ye et al. 1999) and the 
inverse correlations between fiber length and lung fibrosis score in some studies of human 
lung tissue ( Churg et al. 1989, 1990; Nayebzadeh et al. 2001). 


4.2 	 Observer Comments and Ensuing Discussions 


Observers were given the opportunity to provide comments before the meeting adjourned. The 


panelists were not required to respond to the observer comments. However, some comments led 


to further discussion among the panelists, as documented here. The observer comments are 


summarized in the order they were presented: 


Comment 1: Winona Rossel, Local 829 of industrial theatrical stage employees 


Ms. Rossel commented that the role of industrial hygiene for the residences in Lower 
Manhattan is to get rid of the WTC dust. She urged removal of the dust because scientists 
truly do not know the health implications of the complex mixture of chemicals in the dust. 
Ms. Rossel said officials should take precautions when addressing this site and remediate 
and clean homes, rather than continue to study the dust samples. As an example of her 
concern, Ms. Rossel said, a local high school that had already been abated had to be 
cleaned further recently, when carpets were found to contain WTC dusts. She also 
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recommended that a registry be formed to track health effects among the community 
members. 


Panelists’ Discussions: The panelists discussed the concerns expressed by community 
members after all three comments in this section were presented. Refer to the summary 
following “Comment 3” for the panelists’ remarks. 


Comment 2: Katherine Ewes, resident of Lower Manhattan 


Ms. Ewes, a resident of Lower Manhattan, informed the panel that asbestos, pulverized 
glass, and iron have been detected in samples from ventilation systems in residential 
buildings. Ms. Ewes said it would be helpful if the panelists would suggest research on 
these materials, particularly interactions between asbestos and iron. 


Panelists’ Discussions: The panelists discussed the concerns expressed by community 
members after all three comments in this section were presented. Refer to the summary 
following “Comment 3” for the panelists’ remarks. 


Comment 3: Kimberly Flynn, 911 Environmental Action 


Ms. Flynn indicated that she is a member of 911 Environmental Action, a coalition of 
residents and community groups in Lower Manhattan. Ms. Flynn indicated that her 
group’s priority is to stop all continuing exposures to WTC dusts. Ms. Flynn noted that the 
people who were exposed to dusts on September 11 should definitely be followed up on 
for health effects, but she emphasized that exposures in residential areas must stop. Ms. 
Flynn challenged use of occupational exposure limits to evaluate exposures to WTC dusts, 
because residents in the area are potentially exposed to WTC dusts 24 hours per day and 
some populations (e.g., housekeepers) might be receiving unusually high exposures. Ms. 
Flynn said she was pleased that the panelists advocated air sampling to characterize “real 
world” residential exposure scenarios, like children playing on carpets. 


Ms. Flynn acknowledged that there are many uncertainties regarding the health effects 
associated with WTC dust, such as possible synergistic effects, but she was disappointed 
with how some agencies have responded to public concerns. She was particularly 
frustrated that agencies have acknowledged the complexities and uncertainties of the WTC 
dust issue, without taking precautionary measures to cease exposure or provide risk 
communication messages to the public. Ms. Flynn asked the panelists, in all of their 
thinking and research design, to be as protective as possible. 


Panelists’ Discussions: The panelists acknowledged the public concern about WTC dusts, 
and offered several insights in response. One panelist encouraged residents to participate 
in research projects that have already been funded, such as one being conducted by faculty 
at New York University. Another panelist made two comments. First, this panelist noted 
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that WTC dust has unique features (e.g., extreme alkalinity) that need to be considered in 
future site evaluations. Second, agreeing with the observers, he noted that eliminating 
exposures to WTC dusts is an important factor. Finally, a different panelist addressed a 
comment regarding exposures to short chrysotile fibers. He noted that the medical and 
scientific literature offer no evidence of exposure to short chrysotile fibers being of 
significant health concern, except in cases of prolonged exposures at extremely high 
doses; he added that the presence of long chrysotile fibers in residences would clearly be 
of greater concern. This panelist also acknowledged that other components of WTC dust 
(e.g., metals, polycyclic aromatic hydrocarbons) might be of health concern, but he 
indicated that the experts at this meeting were convened to discuss their knowledge of 
fiber toxicity. 


During this discussion, a representative from ATSDR added that the agency has initiated a 
registry to track health effects that might be associated with the collapse of the World 
Trade Center buildings. 
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Health Effects of Asbestos and Synthetic Vitreous Fibers: 

The Influence of Fiber Length 



Charge to the Panel 



The Agency for Toxic Substances and Disease Registry (ATSDR) is holding a panel discussion to review 
and discuss health effects associated with asbestos and synthetic (man-made) vitreous fibers (SVFs), 
especially those of less than 5 microns in length. ATSDR has invited a cross-section of scientific experts 
in the fields of toxicology, epidemiology, pulmonology/pathology, and medicine to participate in 12 days of 
discussions on a variety of topics, including depositional patterns of fibers in the lung and mechanisms of 
toxic action, the relationship of fiber size to toxicity, irritant effects of fibers, relationships between 
measured fiber levels and observed adverse health outcomes, and recommendations for future research. 
The meeting will have a public health focus, specifically related to evaluating environmental exposures 
and drawing public health conclusions associated with sites at which fibers and fibrous materials may be 
an issue. The agency will use input received during discussions to aid in developing scientifically 
defensible public health evaluations for human exposures to smaller-than-5-micron fibers. 


Background 


ATSDR conducts public health assessments to evaluate possible public health implications of 
contaminants associated with hazardous waste sites and other environmental releases. A crucial part of 
this evaluation is the understanding of toxicological implications of exposure to substances that may be 
present. Recent events have highlighted a need to further explore the potential for health effects from 
exposure to biopersistent fibers, specifically asbestos and some SVFs. ATSDR is currently involved in 
several site assessments that address the potential for residential and community exposures to persistent 
fibers from past industrial operations (e.g., vermiculite processing plants across the country), hazardous 
waste sites, and dust generated from the World Trade Center (WTC) collapses in lower Manhattan. 
These sites are unique in that contaminant materials are/may be present in people’s homes and 
communities. Additionally, there are potential concerns surrounding smaller length fibers which may have 
been generated by each of these past activities, especially in relation to the materials found in lower 
Manhattan. 


Smaller fibers and non-fibrous particles may be generated as fibrous materials are processed, disposed 
of, or damaged, as in the case of the WTC collapses. In these situations, traditional fiber counting 
techniques may not quantify all of the materials present. Standard assessment methodology addresses 
fibers greater than 5 microns in length, based on the relative risk of longer fibers being greater than that 
of shorter fibers. Significant toxicology and occupational health research has focused on asbestos fibers 
and SVF greater than five microns in length, however, it seems that much less is known about the 
potential health effects of smaller fibers. ATSDR has identified a need to understand the potential for 
fibers less than 5 microns in length to contribute to adverse health effects. 


ATSDR is convening this panel to gain a greater understanding of asbestos and SVF toxicity, especially 
as it relates to fibers less than 5 microns in length. 


Charge to Panel Members 


The purpose of the panel is to discuss and summarize the best known science for each question. 
Consensus or specific advice on each question is not requested. 







Specific Charge Questions 


Discussions on the first day of the meeting will focus on answering questions that pertain to Topic #1, 
below. In asking these questions, ATSDR seeks a discerning review of the fate of inhaled asbestos and 
vitreous fibers less than 5 microns in length. The second day of the meeting will be devoted to critical 
assessment of the health effects that can be justifiably attributed to asbestos and vitreous fibers and to 
identifying critical data gaps and research needs that would further enlighten this subject (Topics #2 and 
#3). 


Topic #1: Physiological Fate of Asbestos and Vitreous Fibers less than 5 Microns in Length. 
Discuss/review current knowledge about the physiological fate of small fibers when they enter the body. 


# What is the expected physiological depositional pattern for less-than-5-micron fibers in the lung? 


# 	 What is known about clearance/biopersistence of less-than-5-micron fibers once deposited in the 
lungs? 


# What type(s) of migration are expected within the body for less-than-5-micron fibers? 


Topic #2: Health Effects of Asbestos and Vitreous Fibers less than 5 Microns in Length. 
Discuss/review health effects that may be due to less-than-5-micron asbestos and vitreous fibers present 
in air or settled dust. 


# 	 How robust are the animal and human cancer data for these fibers/particles? Do the data 
adequately address exposures where the majority of materials are less-than-5-microns in length? 


# 	 What is the state of the art understanding of the potential for SVFs to induce cancer in humans? 


# 	 Is there any direct evidence that less-than-5-micron fibers contribute to adverse health effects? 


# 	 Is there indirect evidence for less-than-5-micron fiber induced adverse health effects? Do the 
mechanisms of action of other materials (e.g., longer asbestos fibers, silicates, mineral dusts, 
amorphous silica) with potentially similar compositions aid in understanding small-fiber 
mechanisms of action? 


# 	 At what length does a material no longer exhibit fiber-like toxicity and can be considered 
particulate matter regardless of aspect ratio? 


# 	 Can any thresholds be defined for the mechanisms of action that may influence the toxicity of 
less-than-5-micron materials? 


# 	 Can an exposure threshold be developed for the irritant effects of SVFs for skin contact or eye 
irritation, based on either fiber loading or fiber content of handled materials? (What are fiberglass 
levels seen in housing and office areas where SVF insulation has been used, expressed as either 
fiber loading or fiber content of settled dust? Have irritant effects been associated with these 
levels?) 


Topic #3: Data Gaps. 


# 	 What data gaps are evident when addressing the above questions? 


# 	 What research is needed to fill these data gaps? 
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Dr. Case is a pathologist and epidemiologist at McGill University in Montreal, Canada. Following his 
residency in pathology at McGill University he obtained the Diploma in Occupational Hygiene at McGill, 
and worked as a post-doctoral fellow and instructor at the Mount Sinai School of Medicine, New York, 
from 1980B1983. While there, he performed some of the first studies on asbestos-mediated free radical 
release, with the help of the Young Investigator’s Award of the American Lung Association. On his return 
to McGill he joined the Dust Disease Research Unit. The focus of this group was the epidemiological 
study of diseases related to mineral fiber exposure using lung-retained fiber in exposure assessment. In 
1986, he received the National Health Scholarship of NHRDP (Canada) for his work in the field. In 1988, 
he moved to the University of Pittsburgh, where he succeeded Dr. Philip Enterline as Director of the U.S. 
EPA Center for Environmental Epidemiology, through their cooperative agreement with the University of 
Pittsburgh School of Public Health, where he was also associate professor of epidemiology. He returned 
to McGill in 1992 and continues research, teaching, and clinical work there in pathology, epidemiology, 
occupational health and in the McGill School of Environment. Dr. Case has participated in workshops, 
given lectures, and provided peer reviews and advice for many national and international agencies and 
professional societies on the subject of the exposure assessment and health affects of mineral fibers, 
including: EPA, CDC (through ATSDR and NIOSH), the U.S. Consumer Product Safety Commission 
(CPSC), the International Agency for Research on Cancer (IARC), the International Commission on 
Occupational Health (ICOH), the British Occupational Hygiene Society (BOHS), the American Thoracic 
Society (ATS), the Geological Society of America (GSA), and the Collegium Ramazzini. His research on 
asbestos and other mineral fiber and particle exposures and related diseases has been funded by 
American and Canadian public agencies including EPA, MRC (Canada) and NHRDP (Canada). Dr. Case 
has published over 100 papers on these subjects. 
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First of all, there are some inaccuracies in the charge to the panel as stated. It is in 
fact not true that “much less is known” about the potential effects of “smaller” (sic) 
fibers. The effects of fiber length are well known for all of the asbestos-related diseases 
(except as noted below) and there is a general consensus that “Fibre dose, dimension, 
and durability are currently accepted as important parameters…relevant to potential 
bioactivity” (1); emphasis added). This statement refers to both diameter (in the sense of 
respirability) and length (in the sense of pathogenicity). What is unknown is the means 
by which these parameters, including fiber length, operate at a mechanistic level, 
although a great deal of work has in fact been done in animals. 


In fact, although the choice of fibre length (usually 5 µm) by regulatory and other 
agencies such as NIOSH, OSHA, and WHO was originally practical, being based in part 
on the resolution of the light microscope, there has been for some time increasing 
consensus that fibrogenicity and carcinogenicity are in fact not only related to, but 
proportional to, fiber length, and many scientists believe that the use of a length of 5 µm 
as a lower-limit cut-off is not overly liberal (that is, not “too long”) but overly 
conservative (that is, too short; what is lacking in research is not enough research on 
short fibres but on long fibres (where long refers to fibres longer than 10 µm, 20 µm, or 
even greater lengths). As some will know, EPA is currently considering a new risk 
assessment which will take this into consideration, at least for asbestos. There is a 
considerable paucity of such work on long fibres; see for example our own paper on 
intrapulmonary “long” (defined as > 18 µm) fibres in relation to asbestos textile and 
mining work (2)), which is being used in current risk assessment revisions by EPA 
contractors (Berman W., personal communication). To the best of my knowledge this is 
the only published paper in the so-called “lung burden” (lung-retained fibre) literature 
which separately assesses long lung-retained fibres, whereas the majority of such papers 
assess “short” (< 5 µm) fibres; sometimes by default by counting “all” fibres (which 
overemphasizes the short fibres and virtually eliminates evaluation of longer fibres due 
to the log-normal distribution of fiber lengths coupled with counting rules that “stop” 
after a given number of fibers or transmission electron microscopic “fields” are counted) 
and sometimes through categorizing this fibre interval (between the limits of resolution 
for length – usually around 0.2 µm in most published work – and 5 µm). 
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Before a meaningful discussion of “short fibers” can in fact be held, a strict 
definition of terms must be performed. Most mineralogists and geologists and many 
health scientists do not regard structures having length “less than 5 µm” as fibers at all, 
regardless of their aspect ratio. Those who believe this would categorize such structures 
as particles of length less than 5 µm and aspect ratio greater than a given ratio (usually 
3:1 or 5:1, although here too, there is debate about what aspect ratio is acceptable in order 
to “define a fiber”). This is not a mere academic distinction, because the behaviour of 
these short particles in terms of deposition and lung retention is quite different than that 
of “true fibers”, and the biological effects are likely to (indeed have been demonstrated 
to) vary from those of “true fibers” as well. 


In “short”… concentration on so-called “short” fibres (which are not fibres) is a 
scientific sense worse than a waste of time, it is a diversion from truly pathogenic fibres: 
fibres which are “long”. It remains of value to look at the question of fibre length per se, 
but not as defined in this Charge: The title is fine (“The Influence of Fibre Length”) as is 
part one of the principal charge (“ATSDR seeks a discerning review of the fate of inhaled 
asbestos and vitreous fibres…”) but the end of the latter sentence (“…less than five 
microns in length”) precludes useful discussion of the effects of fibre length on any of the 
parameters presented. Length cannot be arbitrarily divided in this way, although fibres 
“this short” are almost certainly not pathogenic except in their role as (not necessarily 
“fibrous” particles; see below) at sufficient bio-persistent dose. some of the underlying 
questions (especially the main heading of Topics # 1 and # 2, which in fact makes up 
most of the charge) appear to be limited to the influence of “short” (< 5 µm) length; a 
length range that is not in the range of fibres at all. The remainder of this discussion will 
focus on fibre length, not on “short fibres”, the term itself being an oxymoron. 


The sole exception, in my view – and one worth some discussion – is the potential 
role of asbestos structures having aspect ratio greater than 3:1 and length less than 5 µm 
in the pathogenesis of interstitial lung fibrosis (“asbestosis”). The publication of four 
articles (two from our laboratory and two from Dr. Churg’s) demonstrating an inverse 
relationship between fibre length and fibrosis in human lung-retained fibre studies is 
important in this regard (see below), although it may represent an epiphenomenon rather 
than a true picture of decreasing length as a factor in increasing fibrogenesis. 


In the remainder of this document I will concentrate on studies of human 
exposure, often as demonstrated by tissue retained-fibre dose (so-called “fibre burden”) 
studies, as other members of the panel are likely to concentrate more on the animal and 
mechanistic data. 


Brief comments on the printed charge “questions”: 


Topic 1: 


What is the expected physiological depositional pattern for less-than-five 
µm fibres once deposited in the lung? 
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This is well established in terms of the depositional mechanisms of impaction, 
settling, sedimentation, Brownian motion and (for fibres) interception. Particles larger 
than 2 mm. in diameter tend to be deposited directly on the respiratory mucosa 
(particularly in the nose, nasopharynx and bifurcation of bronchi) by inertial impaction of 
the particle on the wall as the air in which it is carried changes direction. Particles 0.5 
mm. and less tend to remain suspended in gas and exhaled out of the lung (Brownian 
motion). Particles between 0.5 mm. and 2 mm. in diameter tend to be deposited on the 
mucosa of distal bronchi and membranous bronchioles through settling from the force of 
gravity (sedimentation; this is the most important deposition mechanism in humans). 
Fibre length is only important in the sense of interception, which is dependent on length; 
the longer the fibre the greater the degree of interception in a tube of fixed length. 


What is known about clearance/ biopersistence of less-than-5…etc. 


Essentially, outside of overload conditions (which Dr. Oberdorster will be most 
familiar with), the particles tend to be removed from the lung by a variety of 
physiological mechanisms the most important of which are macrophage ingestion, 
dissolution (where chemically possible), and the muco-ciliary escalator. Absent 
abnormalities in phagocyte function these particles should be removed even if they are 
chemically resistant if (a) the dose is not too great to overwhelm these normal 
mechanisms and (b) the mechanisms themselves are intact. There are medical conditions 
which affect these mechanisms, however, so there are likely to be vulnerable populations 
(such as those with primary ciliary disorders; these tend to be genetic and very rare such 
as primary ciliary dyskinesia (incidence 1:20,000 to 1:60,000)). Of greater frequency is 
the lesser effect on muco-ciliary clearance in asthma. In addition environmental 
influences, including smoking and nitrogen dioxide (3), can affect these normal 
mechanisms through direct ciliary damage or disrupted function. Some common 
pharmaceuticals slow muco-ciliary transport (for example some general anaesthetics and 
atropine), while others accelerate it (for example theophyllines and sympathomimetics). 
Bronchial secretion is also an important contributor to clearance or impaired clearance, as 
can be seen most dramatically in cystic fibrosis. Overall, then, there are a number of 
possible factors which may interfere with particle clearance, but none have been 
associated with “fibre length” parameters with the possible exception of smoking (4). 


What type of migration are expected within the body for (“short fibres”)? 


This may be an important subject, at least for the parietal pleura, if it is necessary for 
fibres to reach the pleura to cause lesions (plaques and mesothelioma). It remains 
possible that fibres still within the peripheral lung may be capable of contributing to the 
mechanisms of these diseases. Mechanisms remain speculative, but long amphibole 
fibres may tend to localize toward the lung periphery, and it remains possible (but 
unproven and indeed untested) that chemical mediators may cross the visceral pleura into 
the pleural space. Churg, among others, has observed that “accumulation of long fibers 
immediately under the upper lobe pleura may be important in the genesis of 
mesothelioma” (5). The idea that it is biologically necessary that fibres “reach the 
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parietal pleura” to cause mesothelioma is not scientifically tenable, although 
intellectually appealing. 


Unfortunately, less is known about this than what has been published, due to the 
exceptionally poor quality of what has been published, with two exceptions from a group 
based in Brussels and Marseilles (6, 7). The few additional papers that have been 
published (in relation to human disease) have been for the most part based on static “fiber 
burdens” that purport to be in “the pleura” but which on careful reading are in fact in 
mesotheliomatous tissues and/ or pleural plaques; the false assumptions are then made 
that “short fibres” – usually very short chrysotile fibres, averaging less than 0.2 µm in 
length – have “translocated” to the “pleura” from the lung. In fact the “pleura” was not 
studied, tumor and plaquew which by definition could not contain fibres except via 
specimen contamination or incorporation, most likely from adjacent lung. Both Rogers et 
al. 1994 (8) and Case et al. 1994 (9) have also reported contamination by short 
crocidolite fibers of Nuclepore filter materials and in uncontrolled studies of this nature 
any material from air, fluids, and paraffin in the pathology laboratory from which the 
specimens originally were referred to specimen preparation materials are suspect. 


All of the studies lacked matched controls, and in the American cases all were 
selected for litigation and subjected to a non-standard digestion technique. Examples of 
this are provided by all papers having Y. Suzuki as co-author on this topic (10-12) and 
some early papers by Sebastien (13, 14); the topic has been fully reviewed elsewhere 
(15). 


It remains possible to do good studies of translocation of fibres, but for lung-to
pleura in humans at least only the two preliminary studies mentioned above have proved 
useful, and their results have been quite different: Boutin et al. and Dumortier et al. (6, 7) 
have found that “the distribution of asbestos fibers in the pleura was heterogeneous and 
that they might concentrate in…"black spots" of the parietal pleura”. Using thoracoscopy 
in living patients from “normal areas of the parietal pleura” rather than plaques and 
tumor, and using controls, they showed that “amphiboles outnumbered chrysotile in all 
samples” and that of all fibres 22.5% were in fact greater than or equal to 5 microns in 
length; a proportion at least as great as that usually seen in lung tissue. The means of 
translocation remains unknown, although these findings strongly suggest lymphatic 
drainage paths. The pathogenic significance also remains unknown, although the authors 
emphasized their hypothesis that these fibres might contribute to plaque and 
mesothelioma genesis. 


Topic # 2: Health effects… 


How robust are the animal and human cancer data…do the data adequately 
address…less-than-5… 


As noted above, regrettably, this is the wrong question. The correct question would 
be, either “Do the data adequately address the effects of dimension” (the answer to 
which is a qualified yes) and “do the data adequately address MORE THAN 5 
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(substitute more-than-10, more-than-20…etc.). Here the answer is that the data 
clearly do not adequately access the effects of long fibres, the fibres of greatest 
concern for disease, or more properly they do not address the longest fibres, as a 
result of too much concentration on published studies on fibres under 5 micrometres 
in length. This has been essentially “by default” in the lung-retained fibre field, since 
studies which take as their starting point “all fibres from 1 micrometre up”, or less, 
will be definition inadequately address the most pathogenic fibres, known to be the 
longest fibres. 


What is the state of the art understanding of the potential for SVFs to induce 
cancer in humans?  Thanks to the excellent studies of the European Group, of 
Enterline, and most recently of Gary Marsh et al. at the University of Pittsburgh, 
it has now been established that SVFs do not induce cancer in humans. 


Original concern arose when Saracci and the European group noted in a very 
large cohort of 13 plants an SMR for lung cancer of 192 (17 observed, 8.9 expected; 95% 
confidence interval 117-307). Although an initial dose-response relationship was 
believed present, subsequent study showed that the excess appeared in an anomalous 
group of workers; first, those limited to the “early technological phase” of the industry, 
but perhaps even more important workers having different lifestyles (and death-style; a 
high suicide rate), and in many cases short-term workers. No such excess was ever seen 
in the American workers except in some rock-wool plants, and lung-retained fibre studies 
demonstrated no excess of MVF but an excess of amosite asbestos in the lungs of 
workers compared with controls dying in the same hospital in one of the “higher lung 
cancer” areas. Enterline and colleagues demonstrated “no consistent evidence of a 
respiratory disease hazard related to exposure to man-made mineral fibers among the 
workers who produce these fibers” in the largest study of these workers (16); although 
lung cancer and non-malignant respiratory disease were increased in some rock- and slag-
wool plants there was no evidence of a dose-response relationship. Complete follow-up 
of the study has recently been completed (17-24) and the lack of any relationship to 
disease confirmed, including for mesothelioma; of ten cases originally reported most 
were not mesothelioma and in any case almost all were asbestos-exposed. Overall, 
Marsh and colleagues noted “The excess in respiratory system cancer is largely a 
reflection of elevated lung cancer risks that we attributed mainly to confounding by 
smoking, to exposures outside the MMVF industry to agents such as asbestos, or to one 
or more of the several co-exposures present in many of the study plants (including 
asbestos)” (23). 


Is there any direct evidence that (short) “fibres” contribute to adverse 
health effects? 


No, with the possible exception of asbestosis. For mesothelioma, at least three well-
conducted case-control studies have now established that lung-retained fibre “risk” is 
entirely accounted for by long amphibole lung-retained fibre content and that any initial 
apparent effect of shorter fibres was a statistical artefact (15, 25-27). An initial 
observation by Rogers et al. of an increased risk associated with the intrapulmonary size 
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category “shorter than 10 µm” (26) was later thought by the authors to lack biological 
plausibility, and if anything the “short” (< 10, not < 5) fibres represented broken down 
“longer” fibres (8). Lung cancer, due to its overwhelming relationship to smoking, as 
proved difficult to investigate in this way. Animal studies and theoretical data are 
consistent with the overwhelming importance of fibres longer than 5 (indeed longer than 
10, or longer than 20) micrometres (28-32). Recent observations that the half-life of 
chrysotile fibres longer than 10 micrometres may be more than eight years, at least in 
long-term chrysotile miners and millers (33), and that in mixed-exposure asbestos textile 
workers lung content of fibres longer than 18 micrometres was proportional to 
cumulative exposure (2) has shown that even for chrysotile, any effect appears to be 
related to long, not shorter, fibres. 


At what length does a material no longer exhibit fiber-like toxicity and can 
be considered particulate matter… 


This is one of the most important issues to be addressed; the most recent science from 
the point of view of risk assessment would imply that this figure is much higher than 
previous believed; certainly higher than 10 micrometres, much less 5. Modern risk 
assessments will take fiber length into account, possibly by the application of algorithms 
which assign increasing risk with increasing length. It is difficult to imagine setting one 
number below which a structure is a “particle” and not a “fibre”; it is much easier to say 
that structures less than five micrometres do not – ever – behave as fibres with respect to 
lung cancer and mesothelioma. 


As alluded to several times above, there are a series of human studies which 
show an inverse relationship between fibre length and asbestosis severity. Studies by 
Churg and colleagues first of long term chrysotile asbestos miners and millers, in 
which “tremolite mean fiber length, aspect ratio, and surface area were, surprisingly, 
negatively correlated with fibrosis grade” (34). A similar study found a similar result 
for amosite in unselected litigation cases, mainly in shipyard workers and insulators, 
prompting the authors to conclude that “these observations again raise the possibility 
that short fibers may be more important than is commonly believed in the genesis of 
fibrosis in man” (35). However, there were some serious problems with these papers 
in that groups were small (no more than 21) and (as is always the case) fibre lengths 
were very strongly inter-correlated. Contradictory data initially came from our own 
laboratory (15), but more recent unpublished work with a much larger data base of 
workers selected across a more homogeneous base and divided into fiber length 
“strata” has once again demonstrated an apparent inverse association between 
interstitital fibrosis grade and (in this experiment) fiber length interval. Results, 
which are about to be published, will be discussed, as they and the previous human 
work contradict some animal work on fibrosis and fiber length. The latter however 
appears somewhat speculative with respect to postulated mechanisms of fibrosis. Is it 
reasonable to believe, for example, that “frustrated phagocytosis” results in much 
more chemical mediation than “simple” phagocytosis of much larger quantities of 
shorter fibre?  If “short” fibres do have an effect which has not been adequately 
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explored – as fibres, rather than particles – then it surely the production of interstitial 
fibrosis. 
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RESPONSES TO ATSDR FIBERS PANEL CHARGE QUESTIONS 


M. Lippmann 


Specific Charge Questions 


Topic # 1. Physiological Fate of Asbestos and Vitreous Fibers less than 5 Microns in 


Length. 


Discuss/review current knowledge about the physiological fate of small fibers when they enter 


the body. 


A.	 What is the expected physiological depositional pattern for less-than-5-micron fibers in 


the lung? 


Fibers with aspect ratios >10 behave aerodynamically like unit density spheres with 


diameters one-third their fiber width (Stöber et al., 1970; Timbrell, 1972). The only exception, 


in terms of being influential in deposition in lung airways is for fibers longer than about 10 :m, 


where the mechanism of interception becomes influential (Sussman et al, 1991). Thus, for fibers 


<5 :m in length, deposition patterns and efficiencies will be determined almost entirely 


according to the fiber width, which for fibers <5 :m long will be less than about 1.6 :m.  For 


fiber widths between about 0.1 and 1.6 mm, total lung deposition in healthy people will be 


between 10 and 20%, with almost all of it in the deep lung. For fibers thinner than 0.1 :m, 


deposition will increase with decreasing width, and there will be a somewhat greater proportion 


of the deposition in the more proximal airways. 


B.	 What is known about clearance/biopersistence of less-than-5-micron fibers once 


deposited in the lungs? 


For these short fibers, which can be fully engulfed by lung cells and do not dissolve in 


airway fluids in less than a few weeks, their clearance will be similar to other mineral and 


vitreous particles. Those depositing in lung conductive airways will be largely removed to the 


G.I. tract by mucociliary clearance within about one day. Most of those depositing in the gas-


exchange region will be phagocytized by alveolar macrophages and cleared to and through the 







mucociliary escalator within a few weeks. Other particles may be engulfed by epithelial cells, 


primarily in the respiratory acinus, and retained for much longer periods, with gradual removal 


to lymph nodes. 


C. What type(s) of migration are expected within the body for less-than-5-micron fibers? 


Fibers with diameters less than ~0.1 :m, which could be a significant fraction of fibers 


<5 :m in length, can penetrate through the respiratory epithelia and be transported through 


lymph channels to hilar and peripheral (mesothelial) lymph nodes and through blood to more 


distant body organs. However, quantitative aspects of these pathways have not been described. 


Topic # 2. Health Effects of Asbestos and Vitreous Fibers less than 5 Microns in Length. 


Discuss/review health effects that may be due to less-than-5-micron asbestos and vitreous fibers 


present in air or settled dust. 


A.	 How robust are the animal and human cancer data for these fibers/particles? Do the data 


adequately address exposures where the majority of materials are less-than-5-microns in 


length? 


Animal Toxicology Cancer Data: 


The most definitive studies for short fibers (<5 :m in length) was carried out by Davis et 


al. (1986, 1987) in Edinburgh using inhalation exposures and length classified amosite and 


chrysotile asbestos fibers. The short-fiber amosite (1.7% <5 :m in length) produced no 


malignant cancers in 42 rats, whereas the long-fiber amosite (30% >5 :m in length, 10% >10 


:m), with the same diameter distribution, produced 8 cancers in 40 animals (Davis et al., 1986). 


In the corresponding study using chrysotile (Davis et al., 1987), the short-fiber material was less 


successfully depleted in long fibers. There were 330 f/mL longer than 10 :m in the "short" 


chrysotile, versus 12 f/mL in the "short" amosite, and the "short" chrysotile produced seven 







cancers (while the "long" chrysotile produced 22 cancers). These results suggest that the cancers 


produced by the "short" chrysotile preparation were, in fact, due to its contamination by longer 


chrysotile fibers. This conclusion is supported by the analysis of Lippmann (1994) using the 


fiber length distribution data for rat inhalation studies of unclassified fibers of amosite, brucite, 


chrysotile, crocidolite, erionite, and tremolite. He concluded that the tumor yield was better 


predicted by the concentration of fibers longer than either 10 or 20 :m than by the concentration 


of fibers longer than 5 :m. 


The animal cancer data for injected fiber suspensions and the human epidemiologic data 


where fiber length distributions are available are consistent with carcinogenicity being 


attributable solely to fibers longer than 5 :m, but are not by themselves definitive. 


B. What is the state of the art understanding of the potential for SVFs to induce cancer in 


humans? 


The state-of-the-art on this issue was summarized in a recent National Research Council 


report (NRC, 2000), as follows: 


"In a review of the published epidemiologic literature with respect to respiratory 
system cancer, Lee et al. (1995) concluded that 'available data indicate that 
among those occupationally exposed, glass fibers do not appear to increase the 
risk of respiratory system cancer. Exposure to rock or slag wool may increase the 
risk of such cancers; however, the data do not convincingly prove that this 
association is causal.' 


Recent studies, including case-control studies, make it clear that any lung-cancer 
SMRs based on national data must take into account the potential confounding 
effect of smoking. Evidence from the case-control studies demonstrates that there 
is no significant association between fiber exposure and lung cancer or 
nonmalignant respiratory disease in the MVF manufacturing environment. It is 
clear, for example, that of the Newark, Ohio, plant workers (who made up some 
35% of the U.S. cohort) exposure to MVF, including respirable glass fibers, was 
not responsible for any increase in lung cancer risk (Chiazze et al., 1993)." 







C.	 Is there any direct evidence that less-than-5-micron fibers contribute to adverse health 


effects? 


In the absence of data that SVF fibers of all lengths cause respiratory disease, it is highly 


unlikely that the SVF fibers <5 :m in length cause any. 


D.	 Is there indirect evidence for less-than-5-micron fiber induced adverse health effects? 


Do the mechanisms of action of other materials (e.g., longer asbestos fibers, silicates, 


mineral dusts, amorphous silica) with potentially similar compositions aid in 


understanding small-fiber mechanisms of action? 


There is no such evidence, and the greater rate of SVF fiber dissolution than of other 


materials cited in the question makes it very unlikely that short-fiber SVF causes health effects. 


E.	 At what length does a material no longer exhibit fiber-like toxicity and can be considered 


particulate matter regardless of aspect ratio? 


The length limit is clearly not less than 5 :m and, for humans, probably closer to 10 :m. 


F.	 Can any thresholds be defined for the mechanisms of action that may influence the 


toxicity of less-than-5-micron materials? 


Possibly, but if they exist, they would be much higher than any reasonably anticipated 


exposures in modern society. 


G.	 Can an exposure threshold be developed for the irritant effects of SVFs for skin contact 


or eye irritation, based on either fiber loading or fiber content of handled materials? 


(What are fiberglass levels seen in housing and office areas where SVF insulation has 


been used, expressed as either fiber loading or fiber content of settled dust? Have irritant 


effects been associated with these levels?) 







Possibly, but not likely for airborne concentrations as measured in fibers/mL. 


Topic # 3: Data Gaps. 


A. What data gaps are evident when addressing the above questions? 


The rat inhalation studies with size-classified amosite and chrysotile show how a well 


conceived study can help to resolve critical questions about lung cancer. More studies with 


better classified chrysotile, and with other well-classified asbestos and vitreous fibers of varying 


lengths and biopersistence properties, would be very informative. 


A major data gap is the influence of fiber length on mesothelioma, which could be 


addressed in the hamster model. 


B. What research is needed to fill these data gaps? 


Inhalation studies in rats with size-classified fibers for lung cancer, and inhalation studies 


in hamsters with size-classified fibers for mesothelioma. 
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Topic #1: Physiological Fate of Asbestos and Vitreous Fibers less than 5 Microns in Length. 


What is the expected physiological depositional pattern for less-than-5-micron fibers in the lung? 


What is known about clearance/biopersistence of less-than-5-micron fibers once deposited in the lungs? 


Hazards associated with man-made vitreous fiber (MMVF) appears to be most strongly associated with 


the ability to persist within lung tissue. This is in part dependent upon chemical composition of the 


MMVF in that increased concentrations of stabilizers such as aluminum impact a greater degree of 


chemical durability. In vitro tests to measure fiber solubility should be performed to reflect an acid pH of 


4.5 to 5.0 such as found in phagolysomes within alveolar macrophages as well as pH of 7.4 reflecting 


extra-cellular fluid. Short fibers that are ingested by macrophages will encounter the lower pH that 


overall could affect their biopersistence. In general, solubility tests identified the following rank order 


from lowest to greatest solubility of MMVF in comparison to asbestos fibers: crocidolite <amosite <RCF 


<special purpose glass fibers <rock wool <slag wool <conventional glass fibers. [1] 


In rodent exposure to mixed dust resulted in an increased transport of fibers across the visceral pleura and 


increase production of lung tumors and mesothelioma. [2] 


Fibers may act as carcinogens or carriers of chemical carcinogens to the target organ. [2] 


What type(s) of migration are expected within the body for less-than-5-micron fibers? 


Gelzleichter et al, in 1996 exposed rats to nose only inhalation of kaolin-based refractory ceramic fiber. It was 


identified that fibers rapidly translocate to the pleural tissue with a difference between those in the pleural 


tissue and the parenchymal tissue. Within the pleural tissue the geometric mean length 1.5 :m (GSD ~ 2.0 


:m) and geometric mean diameter 0.09 :m (GSD ~1.5 :m). For comparison parenchymal tissue GML = 5.0 


:m (GSD ~2.3) and GMD 0.3 :m (GSD ~1.9.) This would indicate the short thin fibers are capable of 


translocating to the pleural tissue. [3] 
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The efficiency of clearance by macrophages is greatest with fibers less than 5 microns in length and becomes 


less efficient with increasing length of fibers. Certain fibers may stimulate macrophages to move to the pleura 


rather than to be cleared from the lung which may be the case with crocidolite and erionite. [4] 


Topic #2: Health Effects of Asbestos and Vitreous Fibers less than 5 Microns in Length. 


How robust are the animal and human cancer data for these fibers/particles? Do the data adequately 
address exposures where the majority of materials are less-than-5-microns in length? 


Conventional glass fiber has only a very small fraction that would be small enough from an aerodynamic 


diameter perspective to be able to penetrate into the lungs. Those conventional glass fibers that actually 


do penetrate into the lungs would rapidly break into shorter segments and rapidly dissolve. Therefore, the 


risk for lung cancer and mesothelioma from exposure to conventional glass fiber is extremely small unless 


there was an ongoing continuous exposure to high levels of long fibers. [5]. 


Probability of pleural sarcomas was best correlated with fibers 0.25 microns or less in diameter and >8 


microns in length, but there was a high correlation with fibers up to 1.5 microns in diameter and length >4 


microns. [6] 


Further analysis of the Stanton hypothesis indicated that the type of mineral fiber was significant in 


relationship to predicted tumor incidence as was the number of index particles rather than log mean aspect 


ratio. [7] 


What is the state of the art understanding of the potential for SVFs to induce cancer in humans? 


Mortality studies of MMVF have not demonstrated a cancer risk regarding glass fiber and mineral wool 


production workers. There is no current published human mortality data available regarding refractory 


ceramic fibers. 
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Is there any direct evidence that less-than-5-micron fibers contribute to adverse health effects?
 


There is some indication that fibers with diameters of <0.1 – 0.4 :m in lengths <10 :m may have a greater
 


propensity for inducing pleural plaques as reviewed in an article by Lentz et al.[8]
 


In regard to pleural plaques, Churg et al, identified that fiber size is significantly related to plaque formation 


with a geometric length of 3.0 :m and aspect ratio of 19.4 in patients with plaques versus 2.5 :m and aspect 


ratio 14.5 with no plaques. [9] 


Some studies have suggested that short asbestos fiber may be carcinogenic when injected, but these 


results are difficult to interpret as the short fibers are only reported as a proportion of the total. With the 


ability of the fibers to cleave longitudinally as well as transversely, it is quite possible that the mean fiber 


length of the sample is reduced while actually increasing the number of long fibers per unit mass. A 


study of amosite fibers by an inhalational studies in rats with almost all fibers less than 5 microns in 


length was compared to normal amosite dust and the short fibers produced neither fibrosis nor neoplasm 


in comparison to the long fibers. [10,11] 


Intrapleural inoculation studies and inhalation studies of short (<5:m) and long crocidolite and erionite fibers 


demonstrated tumors and fibrosis with long fiber exposure and tissue reaction only with the short fibers. [18] 


Studies of asbestiform versus nonasbestiform tremolite by in vivo intrapleural injection demonstrated 


production of mesotheliomas with the asbestiform fiber exposure as well as markedly increased cytotoxicity. 


[12] 
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Studies of Exposures to Asbestos or RCF Which Include Fiber Dimensions and Pleural Effects.[8] 
Study authors Experimental design Fiber type Critical dimensions Pleural Effects 
Data from the asbestos literature 


LeBouffant et al, 1973
 Clinical analysis of Asbestos L<2:m;D<0.03:m Pleural plaques 
human pleural tissue 


Sebastien et al, 1979
 Clinical analysis of Asbestos L=23:m;D=0.06:m Pleural effusion, 
human pleural tissue (chrysotile) pleural fibrosis, 


mesothelioma 
Stanton et al, 1981
 Implantation of fibers Asbestos L>8:m;D<0.25:m Pleural sarcoma 


in pleural cavity of rats A102 fibers L>4:m;D<1.5:m 
Churg and DePaoli, 1988
 Clinical analysis of tremolite L=2.4:m;D=0.15:m Pleural plaques 


human pleural tissue chrysotile L=2.5:m;D=0.03:m 
Lippmann, 1988
 Review of scientific Asbestos L>5:m;D<0.1:m Mesothelioma 


literature 
Timbrell, 1989
 Review of scientific Asbestos D<0.1:m Mesothelioma 


literature 
Dodson et al, 1990
 Autopsy of lung and Amphibole L=1.05:m;D=0.14:m Pleural plaques 


pleural tissue from chrysotile L=0.85:m;D=0.06:m 
former shipyard workers (Fewer than <10% of 


fibers in plaques had 
length >5:m) 


Gibbs et al, 1991
 Clinical analysis of Asbestos (all) L=0.99:m;D=0.06:m Pleural fibrosis 
human pleural tissue Amosite  L=1.23:m;D=0.17:m 


Churg et al, 1993
 Clinical analysis of Asbestos L=3.0:m;D=0.23:m Mesothelioma, 
fiber types, dimensions (tremolite) pleural plaques 
in human lung tissue 


Data from RCF literature 
Mast et al, 1995b Animal study utilizing RCF L=5-10:m,10-20:m Pleural fibrosis, 


rats exposed to fibers D<0.5:m (retained) lung neoplasm, 
by nose-only inhalation mesothelioma 


Gelzleichter et al, 1996 Animal study utilizing rats RCF L=1.5:m; D=0.09:m Pleural inflammation 
exposed to fibers by nose-
only inhalation 
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SUMMARY OF RECOMMENDATIONS ON ASBESTOS EXPOSURE INDICES 


Disease  Relevant exposure index 


Asbestosis Surface area of fibers with: 


Length >2 :m; diameter >0.15:m 


Mesothelioma Number of fibers with: 


Length >5:m; diameter <0.1 :m 


Lung cancer Number of fibers with: 


Length >10:m; diameter >0.15:m_______ 


[Lippmann M. Asbestos exposure indices, Environ Res 46:86-106, 1988] [13] 
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Tremolite asbestos is an amphibole that can cleave resulting in short squatty cleavage fragments depending 


on crystalline plain or long thin asbestiform fibers with high aspect ratios. As tremolite can contaminate 


chrysotile deposits, it has been postulated that mesothelioma cases identified in chrysotile workers may in 


part be related to the tremolite amphibole content identified within the lungs. This has to be interpreted with 


caution in that even though tremolite only constitutes a few percent of the parent ore source, chrysotile tends 


to disappear from lung tissue over time and tremolite is much more durable and persist within lung tissue. 


If all fibers are counted in the lungs of Quebec chrysotile workers, the tremolite fibers are relatively short with 


low aspect ratio (geometric mean length 2 microns, geometric mean aspect ratio 8:1 to 10:1). If one were to 


count those fibers greater than 5 microns, the geometric mean aspect ratio of tremolite fibers is greater than 


20:1. [14] 


Tremolite is the most commonly encountered amphibole fiber in lungs of urban dwellers in North America, 


and apparently they are short with low aspect ratios and actually shorter than those seen in the chrysotile 


miners. Lung burdens have been associated with pleural plaques particularly in individuals who would 


encounter dust from soil such as farmers. At these levels there is no evidence that chrysotile or tremolite 


produce an excess of lung cancer or mesothelioma. [14] 


The ATS statement indicates that long high aspect tremolite fibers behave like other amphiboles with a high 


propensity for inducing mesothelioma, but the lower aspect tremolite fibers are capable most likely of causing 


pleural plaques in low concentrations but only are a risk factor for mesothelioma and asbestosis in high 


concentrations. This statement was made with caution because of the confounding factor of chrysotile versus 


tremolite and that the population had a high chrysotile exposure which was not reflected in lung tissue 


analysis because of the propensity of chrysotile to dissolve over time. [14] 
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Is there indirect evidence for less-than-5-micron fiber induced adverse health effects? Do the mechanisms 
of action of other materials (e.g., longer asbestos fibers, silicates, mineral dusts, amorphous silica) with 
potentially similar compositions aid in understanding small-fiber mechanisms of action? 


An interesting case report regarding aluminum oxide fibers was reported by Gilks and Churg. Electron 


optical techniques identified 1.3 billion fiber particles of aluminum oxide per gram of dried lung tissue 


with a geometric mean aluminum fiber length of 1.0 micron and width 0.06 micron with an aspect ratio of 


16. Ninety-eight percent of the fibers were shorter than 2.5 microns and no fibers were longer than 5 


microns. There was also extremely high non-fibrous particulate content at 15 billion non-fibrous particles 


per gram of dry lung tissue. The authors raised the possibility of an association of the presence of the 


large number of fibers with diffuse interstitial fibrosis, and that a significant number of short fibers may 


be as dangerous as a smaller number of long fibers.15] 


Recent results of the ATSDR medical testing program of residents in Libby, Montana indicated chest 


radiographic changes consistent with pleural plaques or diffuse fibrosis in 17.8% of those screened (994 of 


5590) using PA and bilateral oblique chest radiographs. On PA views alone 780 or 14% had pleural changes 


and 49 or 0.9% had interstitial changes.  Pleural changes were associated with increasing age at 5% for those 


individual 18 to 44, 22.2% in those individuals 45 to 64, and 37.8% in those individuals 65 years or older. 


There was also a gradient seen with years of residency in Libby, Montana as well as in regard to exposure 


pathway gradient. [Year 2000 Medical Testing of Individuals Potentially Exposed to Asbestiform Minerals 


Associated with Vermiculite in Libby, Montana. A Report to the Community, August 23, 2001. Agency for 


Toxic Substances and Disease Registry, US Department of Health and Human Services, Atlanta, Georgia]. 


There is adequate documentation within the medical literature that local deposits of tremolite in various 


populations has been associated with the various types of asbestos related abnormalities and the threshold to 


which these do not occur has not been established. Plaques can occur with minimal exposures to asbestos 
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and can occur within a wide range of tissue burdens of asbestos fibers which overlap with control 


populations.[16] 


At what length does a material no longer exhibit fiber-like toxicity and can be considered particulate
 


matter regardless of aspect ratio?
 


Within this particular reference by Schneider, Dr. Potts from an article in 1987 is quoted as suggesting
 


“All mineral fibers having an aspect ratio of > 5 can be classified as carcinogenic irrespective of their
 


mineralogical composition if: diameter of fiber <1 :m or can split into such lengths of fibers >3 :m and
 


durability in vivo longer than 3 years.) Schneider reported that from a transitional electron microscopy
 


perspective only fibers longer than 3 :m need to be counted. It is interesting to note that for short
 


tremolite fibers there was a relative low lung cancer risk and a higher relative mesothelioma risk, based
 


on a study by Dement and Harris in 1979 involving talc mining and milling. Size distribution of man-
 


made fibers and asbestos fibers is best described as bivariate log-normal size distribution. [17]
 


Can any thresholds be defined for the mechanisms of action that may influence the toxicity of less-than-5-
micron materials? 


Available data from asbestos fiber exposure is inadequate to establish thresholds other than for pulmonary 


asbestosis. 


Can an exposure threshold be developed for the irritant effects of SVFs for skin contact or eye irritation, 
based on either fiber loading or fiber content of handled materials? 


Glass fiber >5 :m in diameter appear to be most irritating to the skin based on limited available data. 


Topic #3: Data Gaps. 


What data gaps are evident when addressing the above questions? 


From evaluating amphiboles such as tremolite, anthophyllite, and actinolite, the difficulty is differentiating 


the asbestiform from the non-asbestiform analogs that are chemically identical but have different crystalline 


planes resulting in cleavage fragments rather than long thin fibers. Presently the data in regard to these 


minerals both from an animal as well as a human epidemiology perspective is not sufficient to determine 
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whether the nonasbestiform varieties are as hazardous as are the asbestiform counterparts. [Reference 11, 


chapter 16: Bignon & Brochard] 


What research is needed to fill these data gaps? 


Animal studies on different types of tremolite indicate that the asbestos form of tremolite has a high 


propensity to produce both mesothelioma and carcinomas in experimental animals. Data regarding tremolite 


cleavage fragments compared to asbestos form tremolite are really inconclusive in that the fibers are usually 


composed of a mix containing both relatively and broad fibers as well as long fibers. ATS indicated that 


more definitive work is needed to determine whether cleavage fragments that are short and squatty are 


biologically different than the asbestiform type fragments.[14] 
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To: 	Kate Schalk 
Conference Management Group 


Subj: Health Effects of Asbestos and Synthetic Vitreous Fibers (SVF): Influence of Fiber 
Length 


Following are some comments regarding the subject “How do animal/experimental data augment 
our understanding of human health effects?” I have not included the reference citations at this 
point, but can do this in the future. Let me know if you want me to include Dr. Case’s comments 
after you receive them. 


Background:  There have been numerous studies of the effects of various types of asbestos and 
SVFs in animals. Both fibrous and nonfibrous particulates have been used. Most studies have 
been conducted in rats and hamsters, but others, including nonhuman primates have been used. 
Routes of exposure have included inhalation (whole-body and nose-only), intratracheal 
instillation, intrapleural implantation/injection, intraperitoneal injection and ingestion. All of the 
routes of administration have their strengths and weaknesses (advantages and disadvantages) for 
use for assessing potential health effects in humans. However, the inhalation route appears to 
produce the most relevant data because it is the only route that duplicates all aspects of human 
fiber exposure and disease (inflammation, fibrosis, lung cancer and mesothelioma) resulting 
from the exposure. Also, the neoplastic changes typically occur late in the rodents’ life, similar 
to what occurs in humans exposed to asbestos. Other routes of exposure are also useful for 
comparing the toxic potential of various types of fibers and understanding the mode of action 
and many of the mechanisms of fiber toxicity and carcinogenicity. Additionally, the oral route 
(ingestion) appears to be the most appropriate route of exposure for studying the potential hazard 
of ingested asbestos. 


Cancer Effects: Rats and hamsters are the most frequently used species for assessing the 
potential carcinogenic effects as asbestos and SVFs and have been used with various routes of 
exposure. Of the two species, the rat appears to be the most appropriate one because it exhibits 
both lung cancer and mesothelioma in response to inhalation of known human carcinogenic 
fibers, e.g. asbestos. The hamster can be a useful model if one is only interested in the 
inflammatory, fibrogenic and mesotheliogenic effects of particulates. However, the hamster 
does not develop lung cancer after exposure to high levels of either chrysotile or amosite 
asbestos. Other species have been used but have significant limitations that preclude their 
general use for carcinogenic bioassays. For example, the mouse is not as useful as the rat or 
hamster because its terminal airways are smaller and therefore, particulates of a mean mass 







aerodynamic diameter (MMAD) of greater than >0.5 um cannot reach the deep lung (alveolar 
region) which is the site of primary disease. Non-human primates would be an ideal animal 
model but are precluded because of their long life-span (would require at least 20-30 years to 
demonstrate a noncarcinogenic effect), availability (a cancer bioassay requires >200 
animals/sex), and expense (such a study would cost >$20 million. 


Most chronic rodent inhalation bioassays of asbestos have been conducted in rats, have not 
shown significant strain differences and males and females are equally sensitive to its 
carcinogenic effects. The only large series of studies of various types of asbestos showed that if 
there is a gender difference, males might be slightly more responsive. Therefore, either sex is 
appropriate with males slightly more preferable. Just as importantly, both sexes are probably not 
necessary. However, these same studies have shown that while life-time exposure to asbestos 
may not be necessary, it is important to observe the animals for most of their life-span (see 
below). 


The types of cancer induced by asbestos and SVFs in rodents are comparable to those observed 
in humans, although the preponderance of a given type and its biologic behavior appears to be 
species specific. In inhalation studies in rats the preponderant form of lung cancer is 
bronchoalveolar in origin, arising from type II alveolar cells. They occur late in the animal’s 
life, usually after 21 months of age. This is why lifetime studies may be necessary to fully 
exonerate a fiber from being considered carcinogenic. The tumors are slow growing and only 
occasionally are the cause of death. The biological sequence of growth is typically from 
bronchoalveolar hyperplasia to bronchoalveolar adenoma to bronchoalveolar carcinoma, 
although all aspects of the sequence of progression may not be found in a given lesion. 
Squamous cell metaplasia is not unusual and typically is found as part of the morphology of 
larger tumors. Squamous cell carcinoma may predominate in a small percentage of rodent 
tumors, but has rarely been observed to occur de novo.  Squamous cell types may be more 
common with intratracheal instillation of the fibers. The malignant tumors are locally invasive 
and can metastasize but it is an unusual event for them to do so. When this occurs it is usually 
within the lung, but distant metastases have been observed. The presence of mitotic figures is in 
direct relation to the degree of malignant transformation. Tumors of the upper respiratory tract 
and airways have not been observed in response to inhalation exposure of asbestos or SVFs in 
rodents. 


Mesothelioma has also been found in rodent carcinogenic bioassays of asbestos and SVFs. In 
inhalation studies in rats they are usually found at a lower incidence than lung cancer. Again, 
there does not appear to be a gender predisposition and the mesotheliomas in rodents typically 
occur late in life (after 21 months of age). They rarely are the cause of death. They grow by 
expansion, growing over the pleural surface. They typically do not invade the lung or other 
adjacent structures, although this has been observed. They usually present as multiple lesions on 
both sides of the lung and involve both the visceral and parietal pleura. Rarely, distant 
metastases have been observed. In inhalation studies, all of the major morphological types 
(tubulopapillary, sarcomatous and mixed) have been observed, although the tubulopapillary 
response is the predominate form. There is one exception to this and that is found in the 
inhalation study of erionite, where the sarcomatous type predominated, was highly invasive and 
the tumors were exceptionally lethal causing death in most of the rats by 15 months. In contrast 







to inhalation, direct instillation into the pleural or peritoneal cavities results in a preponderance 
of sarcomatous neoplasms, and in fact, it may be difficult to find mesothelial cells in many of the 
tumors, particularly after peritoneal injection. However, even in these studies, the mesotheliomas 
seldom invade local tissues or metastasize to other areas of the body. 


The biological sequence of events in the development of mesothelioma in rodents also appears to 
have a series of progressive steps. In inhalation studies, the first event that is observed is fibrosis 
in the pleura immediately subjacent to the mesothelial lining. This is multifocal in nature, 
possibly occurring more frequently in the interlobular pleura. In the few studies where the 
parietal pleura has been investigated, the initial change was found in the nonmuscular portion of 
the diaphragm and over the ribs (as compared to intercostal). The first indication of mesothelial 
change is found in these areas of pleural fibrosis. The mesothelial cells become cuboidal (as 
compared to a normal squamous morphology) and progress to focal hyperplasia of one to three 
cell layers thickness. The next step is the formation of papillary forms of growth and overgrowth 
of adjacent pleura. It is at this stage that mesothelioma is diagnosed. Pseudovacuolated tumor 
cells may be noted at this stage. Finally, the tumor evolves into the classical forms noted above. 
The course of events is somewhat different for instillation and injection studies. The initial 
response in the latter studies is inflammation, followed by a fibrogranulomatous reaction 
(assumed to be an attempt to wall off the fibers). A similar sequence of progression is assumed 
but results in a higher proportion of sarcomatous types of mesothelioma. 


Pulmonary interstitial fibrosis (see below for description) is invariably found in studies where 
either asbestos or SVFs have caused either lung cancer or mesothelioma. However, there have 
been fiber studies where pulmonary fibrosis was observed without the development of fiber 
related neoplasms. 


In vitro studies may not be of value for predicting the carcinogenic potential of a given type of 
fiber. There are several reasons for this. First, the fiber used is not subjected to physiological 
processes such as clearance and dissolution that are found in the lung. Also, the in vitro test 
systems use “fresh” fibers, so do not typically take into account pathology attenuating changes in 
fibers that occur over time in the lung. Finally, the in vitro “dose” may have no relevance to the 
lung fiber burden. However, not withstanding this, in vitro methods are highly powerful tools 
for understanding fiber/cell interactions and mechanisms of toxicity (see Mossman for details). 


Non-cancer Effects: Animal models have also demonstrated many of the same pathological 
responses that are found in humans exposed to particulates. The major noncancer endpoints that 
have been described in animals in experimental studies are phagocytosis, inflammation and 
pulmonary fibrosis. In regard to these endpoints, the rodent lung (and presumably other species) 
reacts to asbestos and SVFs as it would to any inhaled nonorganic foreign body that is not 
chemically toxic, e.g. beryllium.  The lung can only react to such materials in a limited number 
of ways. In animals, if the particulate were deposited in the upper respiratory tract, one would 
assume that it would be possible for it to cause local irritation. However, this has not been 
observed in inhalation studies, even at high exposure levels. It is assumed that the resident time 
for such particles is brief, not allowing for a pathologic response. The mucous layer in these 
tissues is relatively thick compared to the size of the particulate and the methods of removal are 
quite efficient. The same is true for the major airways. In experimental animals the airways are 







intact and have not been compromised by other toxicants as in humans, e.g. smoking. Therefore, 
particulates deposited on these surfaces are again efficiently removed via the mucociliary 
escalator and are either swallowed or expectorated. In either case, the resident time in the body 
is relatively brief. 


For a particulate to cause pathology after inhalation, it must reach the alveolar region of the lung. 
Particulate size dictates whether this happens or not. If the particle reaches terminal bronchiole 
it causes a foreign body reaction which is dictated by dose, particle (fiber) size and to some 
extent physical chemistry. The lungs’ initial response is an attempt to remove the offending 
substance. This is accomplished by resident macrophages. If the particle is of a size that the 
macrophage can engulf (phagocytize), it will be “captured) and removed from the lung either by 
translocation to the airways or draining lymphatics. As the dose (number of particulates) 
increases, more macrophages are recruited. However, if the dose is too large for the number of 
available macrophages to remove, an “overload” situation develops which results in other 
pathologic events. Such events have been documented in animals both by histopathology and 
physiological tests (see Oberdorster for details). If the fiber is too large to be phagocytized and 
removed, i.e. longer than the size of the macrophage (~13 um diameter in rats and hamsters; ~21 
um diameter in humans), the fiber cannot be removed unless it is broken into shorter lengths or 
dissolves. Both of the latter two phenomenons have been observed with several SVFs (see 
below). 


If the dose overwhelms the physiological pulmonary defenses or the fiber is too large to be 
removed, the initial series of events in animals occur at the junction of the terminal bronchioles 
and proximal alveolar duct (this is where most of the fibers are initially deposited. In addition to 
a stimulating the local macrophages, an influx of additional macrophages is recruited to the area. 
At this point, the local type II alveolar cells (in the proximal alveoli) undergo metaplasia to a 
cuboidal appearance and become hyperplastic. The resulting lesion has been termed 
“bronchiolization” because the change mimics the appearance of the terminal airways. Increased 
amounts of mucous production and sometimes inspissation of the material often accompany this. 
Coincident to the bronchiolization, microgranulomas are observed. These appear to form from a 
coalition of macrophages and fibroblasts. At this time the microgranulomas are restricted to the 
proximal portion of the alveolar duct, particularly along the alveolar duct ridge. With time and 
continued insult the process proceeds peripherally and becomes more apparent. If the offending 
fiber persists, collagen is laid down in the adjacent interstitium (presumably by direct invasion of 
the fiber into the epithelium and interstitium). At this time the lesion is referred to as interstitial 
fibrosis. In rodent studies, the fibrotic areas are initially focal and widely disseminated. But, if 
the insult persists or the dose is high enough, fibrosis becomes more widespread. Various 
schemes have been developed to describe these events and grade them as to their severity for 
comparative purposes. There is one notable difference between the qualitative appearance of the 
lesions produced by asbestos and SVFs in animals. Neutrophils are often a prominent part of the 
inflammatory reaction with asbestos, especially with amphiboles, while they are rarely found in 
studies of SVFs, even at doses that produce fibrosis. The inflammatory reaction can also be 
documented and quantified by conducting pulmonary lavage studies (see Oberdorster). 


Stop studies (exposure is stopped and is followed by a nonexposed recovery period) have proved 
useful for determining the reversibility of the above lesions. Such studies have clearly shown 







that the initial changes (macrophage response and bronchiolization) are totally reversible with 
most SVFs and to some degree with asbestos. Early fibrosis also is to some degree resolvable, at 
least with SVFs. Rodent studies have demonstrated that fibrosis, even with asbestos, is not 
progressive, once the exposure ceases. 


While there is no exact correlate for pleural plaques in animals, localized acellular fibrotic 
changes reminiscent of this lesion have been observed, albeit on a much smaller scale. The 
qualitative changes in the pleura are somewhat different than in the lung. Macrophages and 
inflammatory cells are almost totally absent in the pleural response. Lavage studies have not 
been conducted with instillation or injection studies so it is not known if the same events occur 
with these routes of exposure. In addition, animal inhalation studies also suggest that fibers need 
to be present in the pleura for pathologic events to occur. 


In vitro studies of mesothelial cells have been conducted using both human and animal cells. 
These have been primarily designed to study the mechanisms of carcinogenicity (see Mossman). 


Irritant Effects: While there is evidence of dermal and ocular irritation of humans as a response 
to exposure to asbestos and SVFs, no such evidence has been observed in animals. 
Histopathological studies of the nasal cavity in rodents exposed via inhalation have not shown 
any evidence of pathology, although an increased mucous response could be missed with 
standard histopathology techniques. Similarly, ingestion studies in rats and hamsters of asbestos 
did not reveal any irritation of the alimentary tract. 


We are unaware of in vitro studies on the irritant effects of either asbestos or SVFs. 


Association Between Fiber Length and Fiber-like Toxicity: There are numerous animal 
studies that demonstrate the influence of fiber length and pathogenicity/carcinogenicity. The 
early studies using intrapleural implantation/instillation and intraperitoneal injection in rats 
clearly show a direct relationship between fiber size and carcinogenic activity. The longer the 
fiber, the more carcinogenic it was in these studies. These same studies provided the basis for the 
hypothesis that short fibers, i.e. shorter than 8 um in length may not represent a significant 
carcinogenic risk. However, the same investigations, particularly the intraperitoneal studies also 
demonstrated that if the dose was high enough even so-called “innocuous” particulates, e.g. 
titanium dioxide, caused the induction of peritoneal mesotheliomas, albeit at a lower incidence 
than long fibers. Additionally, the latter studies also demonstrated that if even long fibers, e.g. 
wollastonite and some SVFs, were not carcinogenic if they were not biopersistent in the 
peritoneal cavity. While few inhalation studies have been conducted to study the influence of 
the fiber length on the pathology of asbestos, there is one persuasive study of crocidolite asbestos 
in rats. In that study, short crocidolite (<2.0 um length) did not cause either pulmonary cancer or 
mesotheliomas in rats, even at relatively high exposure levels, while longer crocidolite was 
highly carcinogenic. Other circumstantial evidence for considering fiber length as being critical 
to the carcinogenic potential of fibers is provided by the observation that amorphous silica has 
been shown to be noncarcinogenic in several inhalation studies in rats, while some types of glass 
fibers of similar chemistry have shown to have carcinogenic activity. In fact, amorphous silica 
has been used as a “negative control” in rodent inhalation studies. 







A final piece of evidence for the importance of fiber length for the carcinogenic of asbestos and 
SVFs is found in the hilar lymph nodes that drain the lungs of animals exposed via inhalation to 
both asbestos and SVFs. These lymph nodes are literally filled with macrophages containing 
short fibers and fiber fragments with no evidence of pathology or neoplastic change in either the 
lymph nodes or adjacent tissues. 


To summarize studies in animals of short fibers and nonfibrous particulates have shown that both 
are potentially carcinogenic if they are introduced into a confined cavity, e.g. pleural or 
peritoneal, at sufficiently high doses. But the same studies clearly show that the carcinogenic 
potential is definitely less than fibers of the same type that are longer. However, inhalation 
studies (although limited in number) suggest that short fibers have not caused cancer in animals. 
The other part of the equation that needs to be considered is the influence of pulmonary 
clearance and biopersistence on the carcinogenic potential of particulates. As noted above, even 
long fibers are not carcinogenic in animals unless they are biopersistent in the animal. 


There are only a few in vitro studies that address this subject. In a study of Chinese hamster 
ovary cells (CHO) short amosite failed did not cause chromosomal aberrations while long fiber 
amosite did. 


Thresholds of Toxic Action: There have been very few inhalation studies in animals of either 
asbestos or SVFs to assess a carcinogenic dose response. It needs to be remembered that to 
assess a carcinogenic dose response, one must have a multidose study that shows a carcinogenic 
response. Most asbestos and SVF studies were designed to address the carcinogenic potential of 
the fiber, not dose response. The only multi-dose inhalation study of asbestos used amosite in 
hamsters. In that study, there was a definite dose-related response with regard to both 
nonneoplastic (macrophage response, pulmonary fibrosis, etc.) and carcinogenic activity 
(mesotheliomas). Unfortunately, the potential lung cancer response could not be assessed 
because hamsters do not develop pulmonary tumors with particulates. There are a few inhalation 
studies of SVFs that address dose response. The only one that was positive for cancer involved 
refractory ceramic fibers in rats. In that study there was a clear dose response for both cancer 
and noncancer endpoints and a no-effect level. There are a few other multidose studies in rats 
using various types of SVFs, but since none showed carcinogenic activity, one can only evaluate 
the dose response for noncancer endpoints. Again, there was evidence in these studies of a dose-
related change in the endpoints showing recognizable change. The “stop-studies” in many of 
these inhalation studies (both asbestos and SVFs) provide evidence for a dose response for 
noncancer endpoints. However, the number of animals evaluated in the “stop studies” is too 
small to address a cancer dose response. The only study in primates that addresses a potential 
threshold of action was with chrysotile asbestos. In this study, monkeys were exposed to 
chrysotile asbestos at an exposure level of 1 f/cc for two years. Ten months following the last 
exposure, lung biopsies were taken and evaluated for fiber burden and histopathology. There 
was no evidence of pathology although a few asbestos bodies were observed in the lung. The 
monkeys were then held unexposed for an additional 10 years at which time they were subjected 
to necropsy examination and the lungs for histopathology examination. Again, there was no 
evidence of pulmonary pathology and the number of asbestos bodies had decreased. 







In summary, the totality of available data suggests that there is a dose-response for both 
neoplastic and nonneoplastic endpoints in animals and there is a no effect level for both asbestos 
and SVFs. One attempt at deciding if a given exposure in animals is potentially carcinogenic 
involves the use of noncancer endpoints. In this scheme it was assumed that a dose that caused 
pulmonary fibrosis could also represent an exposure that was potentially carcinogenic in 
animals. This was because no animal study has ever produced cancer in the absence of fibrosis. 
The next assumption was that since no inhalation study had ever shown fibrosis in the absence of 
inflammation, one could assume that an exposure that didn’t result in inflammation would not 
reasonably be expected to be carcinogenic. The endpoint chosen for assessing inflammation was 
the presence of inflammatory cells over background in bronchoalveolar lavage (BAL) fluid after 
a 90-day inhalation exposure. Therefore, if one did not find an increase in inflammatory cells in 
BAL fluid, one could chose this exposure as a no-effect threshold. 


It is reasonable to expect that in vitro studies could shed light on the dose response of both 
asbestos and SVFs. While these types of studies are primarily designed to capture and elucidate 
specific mechanisms of toxicity and carcinogenicity, there may be insights into dose response 
that could help in establishing thresholds of effect. One such study showed that short fiber 
amosite did not cause inflammation, while long amosite did. The only draw backs to and in vitro 
approach is that these techniques do no take lung clearance phenomena into consideration and 
fibers that are not biopersistent in the lung might not be differentiated from biopersistent ones 
because of the short time frame of the in vitro studies. 
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Topic#1: Physiological Fate of Asbestos and Vitreous Fibers less than 5 Microns in Length: 


Short fibers (<5 microns in length) may be less pathogenic because of their decreased deposition or 


penetration into the airways, and increased clearance by macrophages and other cell types (reviewed in 


Health Effects Institute-Asbestos Research, 1991). For example, fiber length governs fiber penetration 


into and along the airways, and as the length increases, there is more interception which can enhance 


deposition (Sussman et al., 1991) This also accounts for the fact that longer fibers have proportionately 


more deposition in the airways as opposed to peripheral alveoli. The fact that lung retention also increases 


more markedly with fibers greater than 10 microns is supported by theoretical calculations (Yu et al., 


1990), analysis of lung dust content in humans (Timbrell, 1982; Churg and Wiggs, 1987; Pooley and 


Wagner, 1998) and studies using experimental animals (Morgan 1979, 1995). Aerodynamic diameter 


also is a feature of fibers governing their initial deposition, and it is unlikely that fibers with a diameter 


exceeding 3 microns reach the alveolar regions of the deep lung (Morgan, 1995). Since most commercial 


fibrous glass preparations exhibit fiber diameters of approximately 7.5 microns (equivalent to mean 


aerodynamic diameters of 22 microns), airborne fibers for the most part may not penetrate into the lung 


(Lippman, 1990). The increased clearance of short fibers from the lung has been demonstrated in a 


number of studies (reviewed in Health Effects Institute-Asbestos Research, 1991; Davis, 1994; 


Oberdorster et al., 1988; Morgan, 1995). These can be: 1) readily transported through tracheobronchial 


and other lymph nodes to more distal lymphatics, the pleura, or other organs, 2) cleared via the 


mucociliary escalator and alveolar macrophages, and 3) effectively phagocytized by a number of cell 


types in the lung including epithelial cells (Churg et al., 2000). Once within a phagolysosome or in 


general in lung fluids, shorter fibers of chrysotile asbestos (Hume and Rimstidt, 1992) or glass (reviewed 


in Lippman, 1990) are more prone to dissolution and fragmentation than longer fibers and amphibole 


types of asbestos. 


Topic #2: Health Effects of Asbestos and Vitreous Fibers less than 5 Microns in Length: 


Human Studies: Epidemiologic data indicate that there is no increased evidence of chronic neoplastic or 


nonneoplastic lung or pleural disease with occupational exposures to Man-Made Mineral Fibers (MMMF) 


(reviewed in Lippman, 1990; Health Effects Institute-Asbestos Research, 1991). Limited evidence 


suggests an increase of lung carcinomas among workers using rock or slag wool, but whether or not trace 


metals or other contaminants in the workplace setting play a contributing role is unclear. A difficulty in 
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assessing the role of fiber size in disease causation in man is that historical measurements of size 


dimensions of fibers in past workplace settings do not exist. Moreover, size dimensions of fibers in 


human lungs at autopsy may not reflect the actual sizes that individuals were exposed to in the 20 or 40 


year periods prior to death. 


Animal Studies: Data from a number of experiments overwhelmingly support the concept that the risks 


of lung cancer, mesothelioma, and fibrosis increase with increasing fiber length (reviewed in Churg et al., 


2000; Lippmann, 1990; Mossman and Churg, 1998; Health Effects Institute-Asbestos Research, 1991). 


Short fibers in these studies have much less carcinogenic activity than long fibers. Chronic inhalation of 


short chrysotile fibers (less than 5 microns in length) for lifetime exposures (2 years) in rats or 28 months 


in baboons yielded no fibrosis nor pulmonary tumors despite the presence of asbestos bodies (Platek et 


al., 1985). Moreover, a lifetime inhalation study in Fischer 344 rats exposed to Jeffrey mine chrysotile 


fibers, UICC/B chrysotile fibers or short (< 5 microns) Coalinga mine fibers showed no fibrosis nor lung 


tumors with the short fiber preparation, although significant tumor induction and fibrosis were noted with 


both long fiber preparations (Ilgren and Chatfield, 1997, 1998a) The lack of pathogenesis of the Coalinga 


fibers was attributed to their increased lung clearance (Ilgren and Chatfield, 1998b). 


Several experiments show that asbestos and erionite fibers less than 5 microns in length have less 


toxicity, inflammatory potential, and disease potential after inhalation or intratracheal/intrapleritoneal/ 


intrapleural injections (Davis et al., 1986; Donaldson et al., 1989; Wagner et al., 1985; Wagner et al., 


1990). Injection studies using MMMF also reveal that they are carcinogenic or fibrogenic (Wright and 


Kuschner, 1977) if they contain large numbers of long thin fibers, but carcinogenicity and pulmonary 


fibrosis in rodents is only achieved after inhalation of ceramic fibers (Davis et al., 1984; ) and Aramid 


fibers (Lee et al., 1988) as opposed to vitreous fibers (reviewed in Health Effects-Asbestos Research, 


1991). 


The importance of fiber length in pulmonary fibrosis has been shown in studies using asbestos by 


Vorwald et al. (1951), King et al. (1946), Scymczykiewicz and Wiecek (1960), and Klosterkotter `(1968). 


Classical studies by the Stanton (Stanton and Wrench, 1972; Stanton et al., 1977; Stanton and Layard, 


1978) and Pott laboratories (Pott and Friedrichs 1972; Pott, 1978) have indicated that the induction of 


mesothelioma by any asbestos or nonasbestos fiber is directly related to the presence of fibers > 8 microns 
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in length and diameters less than .25 microns. Although some studies have suggested that short fiber 


asbestos preparations may be carcinogenic after injection (Kolev, 1982; Le Bouffant et al., 1985), these 


preparations also contained a small percentage of long fibers, making results difficult to interpret. 


Inhalation studies have more convincingly demonstrated the importance of fiber length in 


mesothelioma, lung cancers, and pulmonary fibrosis. In studies by Wagner using eriionite (Wagner et al, 


1985; Wagner 1990), an almost 100% rate of mesotheliomas was induced with long fiber material, which 


was reduced to zero when short fiber preparations were used. This is evidence of a threshold for short 


fibers in tumorigencity.  Studies by Davis et al., (1986) also show that short fiber (< 5 microns) 


preparations of amosite produced neither fibrosis nor lung tumors, and only a single mesothelioma after 


injection into rats as opposed to highly pathogenic long fibers. Results with chrysotile asbestos were 


similar (Davis and Jones, 1988), but the short-fiber chrysotile was contaminated with some longer fibers. 


An intratracheal model in rats using long (> 2.5 microns) and short crocidolite asbestos has yielded 


some mechanistic information on the differential effects of long vs. short fibers (Adamson and Bowden, 


1987a,b; 1990). These studies suggest that the increased fibrogenic response to long fibers may be due to 


selective increases in cell proliferation . In addition, both long and short asbestos fibers cause alveolar 


macrophages to secrete fibrogenic cytokines, but interstitial fibroblasts exposed to short asbestos fibers 


do not respond to these cytokines. 


Mechanistic studies on cells in culture or tracheal explants have also supported the increased toxicity, 


mutagenicity, and proliferative potential of long vs. short fibers (Brown et al., 1986; Wright et al., 1986; 


Donaldson et al., 1986; Marsh and Mossman, 1988; Woodworth et al., 1983; Sesko and Mossman, 1989). 


These studies also show that nonfibrous, chemically similar analogs of both chrysotile and crocidolite 


asbestos are without effects on cell proliferation or cell survival. 


Studies on cell transformation and cytogenetic effects in Syrian hamster embryo (SHE) fibroblasts also 


demonstrate that long thin fibers are most potent, regardless of composition (Hesterberg and Barrett, 


1984, 1985; Hesterberg et al., 1986). After milling of fibers to reduce the length from 10 to 16 microns to 


less than 1.7 microns, morphologic transformation, an indication of tumorigenic potential, is completely 


inhibited (Hesterberg and Barrett, 1984). Thus, a threshold for fiber length in carcinogenesis may exist. 
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One theory advanced by these studies is that long fibers can penetrate the nuclear membrane during 


division of cells and interfere with the genetic apparatus. 


The increased potential of long fibers in elicitation of toxicity (broadly defined as injury to cells), 


proliferation, inflammation, transformation, fibrosis and carcinogenesis may be related to their ability to 


generate reactive oxygen or nitrogen species (ROS/RNS) after frustrated or incomplete phagocytosis by 


cells (Hansen and Mossman, 1987; Goodglick and Kane, 1990; Kinnula, 1999; Ohyama et al., 2001). 


Studies show that even short fibers at massive concentrations may elicit ROS from elicited macrophages 


when clearance is impaired (Goodglick and Kane, 1990). Recent studies suggest that the release of 


oxidants from macrophages depends on fiber length as opposed to composition – there is a strong 


correlation between geometric mean length and the ability to induce an oxidative response in fiber 


samples > 6 microns in length (Ohyama et al., 2001). 


Topic #3: Data Gaps 


The major data gap in demonstrating whether thresholds exist for the effects of short (or for that matter, 


long fibers) of any composition is the fact that standardized preparations of sized fibers are unavailable 


for experimental studies, especially inhalation studies which are expensive and require vast quantities of 


material. This has severely hampered experimental research. The information on airborne fiberglass levels 


and size dimensions in environmental settings in the US is another limitation in attempting to define 


risks. 
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G. Oberdorster 


ATSDR Panel Meeting 


The term “fiber” should be defined first (WHO definition is different from the NIOSH 


definition). The selection of a 5 µm cut for a short fiber as a limit should also be discussed. I assume 


that both cancer and non-cancer endpoints are to be included in the discussion and it might be useful 


to list the different endpoints such as: 


Cancer: 
Lung tumor (bronchogenic); mesothelioma (pleura; abdominal) 


Non-cancer: 
Chronic inflammation (bronchial, alveolar), cell proliferation, interstitial fibrosis, pleural 


fibrosis, others. 


Topic 1: Physiological fate of asbestos and vitreous fibers < 5 µm in length 


Physiological deposition pattern for short fibers: 


At present the references do not include publications by Yu et al., on the deposition 


and clearance of fibrous and non-fibrous particles in humans and rodents. (A list of those 


publications is attached.)  The nose is an efficient filter for long fibers, and less for shorter ones, 


depending on their aerodynamic properties as will be discussed at the meeting.  The aspect ratio of 


the fibers is an important factor for their deposition, and several figures from Dr. Yu’s work are 


attached. 


There are significant differences between humans and rats with respect to deposition 


efficiencies of long as well as short fibers; respirability is very different and the deposition fractions 


are significantly different as well between the two species (see attached figures).  For very short 


fibers, their aerodynamic properties approach those of spherical particles. Material density also has 


to be considered. 







Clearance/Biopersistence of Short Fibers: 


Biopersistence is the sum of physiological clearance processes and physicochemical processes 


which together account for the retention halftime of the fibrous or non-fibrous material in the lung. 


Physicochemical processes include dissolution, leaching, breaking and splitting, depending on the 


fibrous material, that can occur intra- as well as extra-cellularly, and differences in pH in both 


locations are of importance here. Clearance rates of fibers of different length categories have been 


determined from short and long term inhalation studies ( refs. to be provided). Generally, short fibers 


are cleared rapidly if biosoluble (pH differs intracellularly vs extracellularly), or at rates similar to 


non fibrous particles. Breakage of long fibers will give input into short fiber category. 


Most important physiological clearance mechanism in alveolar region is clearance by alveolar 


macrophages (AM). Of importance is fiber length with respect to phagocytosis and removal by 


alveolar macrophages. Short fibers are easily phagocytized, fibers longer than 20 µm are not. 


Species differences in AM size. Thus, clearance for long fibers is prolonged, as is that for short fibers 


when high lung burdens are reached (particle overload). Also, intrinsic toxicity of short fibers has to 


be considered which influences clearance. Inflammatory conditions in the lung (for example, 


smokers) also contribute to impairment of alveolar macrophage-mediated mechanical clearance and 


need to be considered. 


Types of migration: 


Among physiological clearance processes are translocation along the mucociliary escalator 


from the conducting airways; translocation to interstitial sites, depending on fiber length and fiber 


load. Especially at higher lung burdens, short fibers are more likely to penetrate into the interstitium 


and translocate to pleural sites, lymph nodes, and short fibers can even enter the blood circulation. 







Animal studies found preferentially translocation of short fibers to the pleural space in rodents 


when high lung burdens after inhalation exposure were achieved (Gelzleichter et al. 1996). They 


found a geometric median length of 1.5 µm for fibers recovered at the pleural site after RCF 


exposure, whereas the inhaled RCF fibers had a geometric median length of 4.5 µm with the longest 


fibers being longer than 100 µm. Very few fibers longer than 5 µm were found at the pleural site, 


whereas longer fibers were found in the pulmonary tissues but did not appear to migrate to the pleura. 


Migration of the short fibers in the animal studies resulted in a pleural inflammatory response 


which was lower than in the lung and was also delayed compared to the response in pulmonary tissue. 


In general, many studies with fibers have used fiber preparations with so-called “non-fibrous 


particles” which contain significant numbers of short fibers (if the WHO definition is followed). 


Such short fibers are of importance since they contribute to the overall lung burden and may actually 


amplify the effects of long fibers as has been shown in animal studies with mixed fibrous/non-fibrous 


particle exposures (both cancer and non-cancer endpoints). 


In this context, inhalation studies by Bellmann et al (2001; 2002) using RCF with and without 


non fibrous particles are of interest: Reduction of the non fibrous particles restored impaired 


clearance of test particles, although other endpoints of toxicity (lung lavage data, histopathology) did 


not seem to be significantly different, and fiber clearance per se was not different between the 2 


groups. (Bellmann, 2001). (Need to consider also total lung burden differences between the 2 


groups!) Non fibrous particles of the same chemical composition induced high inflammatory 


responses in a subchronic inhalation study ( Bellmann et al, 2002,a,b: Ann. Occup. Hyg. 46, Suppl.1, 


102-104; and 166-169, 2002) 







Topic 2: Health effects of asbestos and vitreous fibers <5 microns in length. 


Robustness of animal and human cancer data for short fibers: 


Animal inhalation and i.p. injection studies consistently show that short fibers are clearly less 


tumorigenic than long fibers (e.g., Davis et al. studies, example attached). An important factor in 


many studies is the existence of “a non-fibrous fraction” in fiber samples which contribute to both 


cancer and non-cancer effects of the fibers. Contamination of a fiber sample with other fibrous 


materials (for example, tremolite [moe toxic] in chrysotile [less toxic]) is also important. With 


respect to cancer induction, the intrinsic toxicity of short fibers — like that of non-fibrous particles — 


is of high importance, both are readily phagocytized by alveolar macrophages and subjected to AM-


mediated clearance unless they have significant cytotoxicity (e.g., crystalline silica vs. TiO2 for non-


fibrous particles). Biopersistence is a most important factor as pointed out and discussed under Topic 


1. 


Potential for SVF to induce cancer: 


Biopersistence is a most important factor (see emphasis in new European regulations for 


testing of SVFs for biopersistence, in order for SVF’s to be exonerated from a carcinogen label). 


Other important factors are exposure concentration (dose to the lung), length (long fibers most 


carcinogenic) and surface properties (crystalline vs. amorphous). 


Evidence of short fibers causing health effects: 


Contribution of short fibers to effects caused by long fibers is probably similar to non-fibrous 


particles (mixed dust exposure studies). For rats a pathogenic mechanism due to lung overload from 


short fibers/non-fibrous particles becomes important for high doses, overload conditions in humans 


are not likely to be achieved (relevance of discussion on particle overload?). However, low doses 







also result in AM activation. To be considered as well: compromised hosts (respiratory; 


cardiovascular); and pre-exposure history (e.g., development of tolerance). 


Indirect evidence for short fibers to induce health effects: 


Evidence exists from combination studies, e.g., asbestos fibers ± TiO2 or SiO2; need to discuss 


effects of non-fibrous particles of different compositions, animal studies (usually very high doses) vs. 


human exposures. 


Length of material to no longer induce fiber-like toxicity: 


There is an no systematic study which would allow to define a specific fiber length to answer 


this question. There are a number of studies showing that short fibers (<5 µm) are less biologically 


active than long fibers. The discussion here needs to focus also on what is “fiber-like toxicity”: A 


clear difference obviously exists when fibers are phagocytizable vs. non-phagocytizable, as well as 


their propensity to be translocated into and across epithelium. There are data for tangential vs. 


perpendicular uptake of fibers by AM, resulting in different responses (Okyama et al., 2001), but not 


conclusive. There is also the issue of nanofibers (e.g., nanotubes). These fibers are so small that they 


very likely behave very differently with respect to interactions with cells, e.g., translocation to 


interstitial and extrapulmonary tissues. 


Thresholds for mechanisms of toxicity for short fibers: 


Existence for threshold for pulmonary kinetics (accumulation and retention, can we 


extrapolate from non-fibrous studies? General threshold when exceeding physiological defense 


mechanisms (e.g., clearance mechanism, antioxidant – anti-inflammatory defenses). LN 


accumulation as indicators of toxicity? 







Topic 3: Data gaps. 


Data on toxic effects of fibers of one specific length only, without contamination with longer 


fibers (in vitro, i.t. instillation; inhalation) of materials of different compositions. Side by side 


comparison of different effects of different length fibers with non fibrous particles of the same 


material. 


Research needed to fill gaps: 


Short-term studies, i.t. combination studies, long fibers alone; long combined with short 


fibers, different fiber length and non fibrous particles, dosed by different dosemetrics, e.g., mass, 


number, surface area. Toxicokinetic studies (accumulation, retention) 
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Health Effects of Asbestos and Synthetic Vitreous Fibers: The Influence of Fiber Length 


Topic #2: Health Effects of Asbestos and Vitreous Fibers less than 5 micrometers in length 


Question: Is there indirect evidence for less-than-5 micron fiber induced adverse health effects? 


Do the mechanisms of action of other materials (e.g., larger asbestos fibers, silicates, mineral 


dusts, amorphous silica) with potentially similar compositions aid in understanding small-fiber 


mechanisms of action? 


Discussion: 


There appears to be a significant difference in the pathogenic activity of respirable fibers with 


fiber length, with fibers below approximately 5 um (micrometers) in length being significantly 


less hazardous for cancer or pulmonary fibrosis. 


This prompts the questions: What are the mechanisms of observed long fiber toxicity? Are 


compositionally similar non-fibrous dusts pathogenic? If so, what are the mechanisms of their 


toxicity? Do short fibers express either or both or combinations of those toxic mechanisms. 


There is a profound literature on the topic of long fiber mechanisms of toxicity and fibrogenesis. 


The report by V Kinnula “Oxidant and antioxidant mechanisms of lung disease caused by 


asbestos fibers” European Respiratory Journal 14(3):706-716, 1999, reviews the possible roles 


of reactive oxygen species (ROS) and reactive nitrogen species (RNS) generated by asbestos 


fiber in cell-free and cellular and tissue systems. A primary step in response to asbestos fiber 


challenge of cells is agreed to be superoxide anion release is cells which have attempted to 


phagocytize fiber. This superoxide can further be dismutated to hydrogen peroxide, which can 


generate hydroxyl radical, catalyzed by iron via the Fenton reaction. That hydroxyl radical is 


extremely toxic and reactive, but therefore short-lived. There is some contention that fibers 


stimulate the release of ROS from inflammatory cells and not target cells. However, asbestos 


fiber can generate ROS spontaneously in cell-free systems. 
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Another pertinent review is by C Manning, V Vallyathan, and B Mossman: “Diseases caused by 


asbestos: mechanisms of injury and disease development” International Immunopharmacology 


2:191-200, 2002. This explicates the central dogma that asbestos fibers activate transcription 


factors and early response genes involved in cell proliferation by generating ROS on iron-


containing fiber surfaces, and that “frustrated” phagocytosis may be involved. 


The paper by M Ohyama, T Otake, and K Morinaga presenta a difficult argument against 


frustrated phagocytosis: “Effect of size of man-made and natural mineral fibers on 


chemiluminescent response in human monocyte-derived macrophages.” Environ Hlth Perspec 


109:10331039,2001. This study of luciginen-dependent chemiluminescence (CL) induced in 


vitro over a 2 h period found a strong correlation of response indicative of superoxide release 


with fiber length 6 to 20 um. All samples except wollastonite induced CL response in a dose-


dependent manner. Superoxide release was non-specific for compositional type of fiber. The 


four fibers with lengths below 7 um :KT whisker, at 6 um, microglass at 3 um, TO whisker at 2 


um, and SiC whisker at 6.4 um were only weakly active. Longer fiber activity correlated with 


length. This is consistent with the extensive literature indicating long, thin, durable fibers are 


tumorogenic. 


Some other studies suggest and support a “frustrated” phaghocytosis mechanism. This 


includes some recent NIOSH research results: T Blake, et al. “Effect of fiber length on glass 


microfiber cytotoxicity” J Toxicol Environm Hlth 54:243-259, 1998. CL induction after zymosan 


stimulation and LDH release were measured for Manville Code 100 (JM-100) fiber challenged 


rat AM in vitro.in EMEM for 18h. A novel feature of this study was the use of fibers carefully 


sized to average lengths of 33, 17, 7, 4, and 3 um. The greatest toxicity was seen with the 


longer fibers. And multiple macrophages were seen attached along the length of the long 


fibers., suggesting “frustrated” or incomplete phagocytosis as a factor in increased toxicity with 


length. 


This was also seen in J Ye et al. “Critical role of glass fiber length in TNF-alpha production and 


transcription factor activation in macrophages.” Am J Physiol276 (Lung Cell Mol Physiol 


20):L426-L434, 1999. Glass fibers with lengths of 6.5 +/- 2.7 um and 16.7 +/- 10.6 um were 


used to challenge a mouse macrophage cell line in fetal calf serum (FCS)-containing culture 







medium., for 3, 6, and 16 h. Glass fibers stimulated TNF-alpha production and caused NF-kB 


activation. Reactive oxygen species (ROS) were involved in the activation and production. Long 


fibers were more potent than short fibers. Short fibers but not long fibers were effectively 


engulfed by macrophages. However, short fiber induced TNF-a and TNF-a gene promoter 


activation was on the order of one-third to one-half that of the long fiber. 


In a subsequent study by Ye et al. “Activation of mitogen-activated protein kinase p38 and 


extracellular signal-regulated kinase is involved in glass fiber-induced tumor necrosis factor-


alpha production in macrophages” J Biological Chem 276:5360-5367,2001., it was found that 


the long fibers were more potent than short fibers in activating MAP kinases which activates 


transcription factor c-Jun which acts on the TNF-a gene promoter through the cyclic AMP 


response element and the AP-1 binding site. 


In a study by Cheng et al. “Role of transcription factro NF-kB in asbestos-induced TNF-alpha 


response from Macrophages” Expt. And Mol Pathology 66:201-210, 1999, Crocidolite with a 


median fiber length of 11.5 um challenged lavaged rat AM in FBS-containing medium for 1 to 24 


h.. Crocidolite caused parallel increases in TNF-a production and NF-kB activation.in a dose-


dependent manner. Interestingly, at the optimun stimulating condition the asbestos did not 


cause a significant cytotoxic effect. A titanium oxide control dust had no stimulatory effect on 


TNF-a secretion. 


One aspect of fiber production of toxic hydroxyl radical is that fibers long enough to be not fully 


phagocytized by a cell are involved in “frustrated” phagocytosis. One possible consequence is 


that the partially invaginated fiber stimulates the cell to release superoxide in a manner related 


to the respiratory burst upon normal phagocytosis, or that superoxide is produced by the cell in 


response to an autolytic effect of enzymes or other lysosomal or cytosolic agents released into 


the annular invagination of the fiber. The superoxide is then in close approximation with 


reactive iron species on the fiber surface in or extending beyond the partially invaginated fiber to 


create hydroxyl radical for strongly toxic effects at the cell or neighboring cells. 


Mechanisms of toxicity for fibrous and non-fibrous materials are discussed by A Churg et al. In 


“Pathogenesis of fibrosis produced by asbestos and man-made mineral fibers: what makes a 


fiber fibrogenic?”, Inhalation Toxicology 12(S3):15-26, 2000. The review highlights caveats to 


the general models of asbestos activity. Some fibers can evoke the responses from ROS 







generation through the cascade to and including expression of TNF-alpha, but have not been 


shown to induce fibrosis. And asbestos produces fibrosis in some systems without increasing 


TNF-alpha expression. Chrysotile contains little iron but is fibrogenic, albeit not a potent as 


amphibole. 


Churg et al. Suggest a comparison of asbestos and silica-induced fibrosis data. Table 3 of the 


paper compares the generation of ROS, RNS, and activation of NF-kB and AP-1 , and 


increased production of TNF-alpha and other factors and find the dusts to be indistinguishable. 


In the face of this, asbestosis and silicosis differ in histopathological appearance: asbestosis is 


a diffuse fibrosis and silicosis is in localized nodules.. The conclusion is that the tabulated 


responses fail to explain comprehensively how asbestosis or silicosis develop. 


Crystalline silica dust is a well established etiologic agent for pulmonary fibrosis, i.e., silicosis. 


However (a) the mechanism of the disease is still not fully known, and (2) the effect of silica in 


mixed dust exposures frequently is not proportional to the silica content of the dust, and (3) 


short-term in vitro investigations of toxicity fail to distinguish crystalline silica from some non-


fibrogenic dusts. 


Crystalline silica can directly cause membranolysis and induce the release of cytosolic and 


lysosomal enzymes from lavaged lung macrophages or other cell lines in vitro. Experiments 


with thermally treated crystalline quartz and cristobalite have shown the the membranolytic 


activity is associated with silica surface silanol hydroxyl (not hydroxyl radical) groups. 


From a compositional standpoint, crystalline quartz is not a good non-fibrous analog of 


asbestos. Riebeckite is one such choice, and is not fibrogenic. A partially analogous set of 


non-fibrous minerals are layered alumino-silicate minerals, clays. Our research has been 


comparing in vitro cytotoxicities and physico-chemical surface properties of respirable quartz in 


comparison with the structurally-simplest clay, kaolinite. Those comparisons may povide some 


limited guidance in assessing the potential toxicities of short fiber asbestos which are distinct 


from fiber size and “frustrated” phagocytosis-associated mechanisms. 







Respirable quartz is strongly fibrogenic, while respirable kaolin is not. Nevertheless, in vitro 


short term tests do not distinguish between then. On a surface area basis they are comparably 


active for membranolysis, lactate dehydrogenase (LDH) release, beta-glucuronidase release, 


beta-n-acetyl glucosaminidase release, and cytotoxicity as measured by trypan blue dye 


exclusion. It is important to note that these are short-term (one to a few hour) in vitro challenges 


in the absence of serum in the medium, or with the challenge managed such that serum is 


excluded from contact with the dusts during the challenge period. It appears that silica and 


silicate surfaces are comparably innately active for direct prompt cell membranolytic damage. 


When a respired particle deposits in the terminal lung airways or the pulmonary alveoli, its first 


contact is not with the epithelium surface or with free macrophages on the lung surface, but with 


a thin hypophase environmental interface which is coated by and saturated with a dispersion of 


lung surfactants. This surfactant coating is know to function to reduce the surface tension of the 


air - aqueous layer interface. However, it appears to also function to suppress the otherwise 


prompt cytotoxicity of many non-fibrous mineral dusts, e.g., silica and silicates. Brief incubation 


of silica or clay dust in a dispersion of diacyl phosphatidyl choline (DPPC), the primary 


constituent of lung surfactant, in physiologic saline results in the immediate attenuation of dust 


cytotoxicity. That passivation is total if adequate surfactant-to-dust surface area is available. 


That is always the case for a normal lung under other than suffocating dust exposure 


conditions. That surfactant adsorption and passivation occurs for quartz dust as well as kaolin 


dust. So the question becomes not why both dusts are not strongly fibrogenic, but rather why 


either is active. Research indicates that multi-layers of DPPC surfactant will loosely adsorb to 


the particles, but a residual bilayer which cannot is not water rinsed from the particle surface is 


fully prophylactic. 


Surfactant coated dusts are phagocytized by lavaged rat macrophages in vitro and do not 


express otherwise prompt cytotoxicity, e.g., damage measurable in a one or two hour time after 


challenge. However, over a several day period there is a restoration of toxicity seen in the 


lavaged macrophage system or in vitro systems using several different cell lines. Radio-tracer 


studies show that the surfactant coating on the dusts is digested in parallel with the restoration 


of toxicity. Cell-free system studies show that phospholipase A2 hydrolyzes the particle bound 


DPPC surfactant. The lysolecithin product is partially water soluble. The restoration of 


membranolytic activity maps with the digestive removal of the adsorbed surfactant. 







That is, adsorption of components of pulmonary surfactant promptly adsorb and passivate silica 


and silicate surfaces by prophylactically masking the membranolytic dust surface silanol 


hydroxyl groups. But following phagocytosis the particles are stripped of the protective coating 


by phagolysosomal enzymatic digestion. Research has indicated that the kinetics of the first 


half of the digestion process are rapid compared to the second half, and that toxicity restoration 


follows with removal of that second half of the surfactant. That is, the outer side of the adsorbed 


bilayer is readily digested and the surface-contacted layer more slowly. Using extracellular pH-


neutral PLA2 in a cell-free system, the rate of digestive removal of DPPC is significantly greater 


for quartz-adsorbed in comparison to kaolin-adsorbed DPPC. However, for phagocytic cell in 


vitro systems, quartz and kaolin rates of surfactant loss and toxicity restoration are comparable. 


Churg et al. Briefly discuss the principal site of asbestos activity, noting the alveolar 


macrophage is commonly regarded as the crucial effector cell. This is the background 


assumption also for most experiments on the cytotoxic and fibrosis-associated activity of 


crystalline silica dusts. However, Adamson, referenced by Churg et al in a different context, has 


published a suite of studies which make a case that it is interactions of silica particles with 


interstitial cells which control the stimulation of exacerbated collagen synthesis by pulmonary 


fibroblasts, and that the macrophage is responsible for only an inflammatory response evoking 


neutrophil influx to the alveolus but not tied to explicit fibrosis. Thus that model suggests that it 


may be the removal of surfactant under conditions of interstitial cell phagolysosomal or 


extracellular digestion which initiates cell response leading to fibroblast stimulation and fibrosis. 


While the mechanism of initial cell damage or stimulation may differ between silica or silicates 


and fibers, e.g., ROS from a “frustrated” phagocytosis mechanism for asbestos and surface 


silanol hydroxyl membranolysis by quartz or clay, a parallel analysis to Adamson’s silica study 


and findings should be considered for localization of the effective site of asbestos action for 


fibrosis. 


We have briefly researched the question of the effect of surfactant adsorption on chrysotile in 


vitro genotoxicity, using an assay for micronucleus induction in cultured Chinese hamster lung 


cells (V79 cells). J Lu et al. “In vitro genotoxicity studies of chrysotile asbestos fibers dispersed 


in simulated pulmonary surfactant” Mutation Res 320: 253-259, 1994.Two lengths of chrysotile 


asbestos were used: NIEHS intermediate length (101 um mean with 65% > 10um) , and short 


length (11.6 um with 98% of fibers < 10 um) chrysotile fibers. Fibers were pre-treated with 


DPPC and used to challenge V79 cells in FBS-supplemented medium for a total of 72 h. Four 







types of fiber preparetions : imtermediate length +/- DPPC treatment, short length +/- DPPC, 


gave dose dependent micronucleus induction activity. The longer fiber samples were most 


active and DPPC treatment diminished the activity approximately 15%, the maximum activity of 


the short fiber sample was 70% of the activity of the non-treated intermediate; and the DPPC 


treated short fibers expressed about 45% of the activity of the untreated. That is, DPPC did not 


fully suppress the activity of the fibers, but had a much more pronounced partial passivation 


effect on the short fibers.. One possibility is that the partial suppression of the activity may 


reflect surfactant suppression of a component of toxicity due to mineral surface rather than 


“frustrated” phagocytosis mechanism. 


We also attempted to see if a significant surface modification of chrysotile without a significant 


modification of fiber size would affect in vitro genotoxic activity. M Keane et al. “A study of the 


effect of chrysotile fiber surface composition on genotoxicity in vitro”. J Tox & Environm 


Hlth:57:529-541, 1999. NIEHS intermediate length chrysotile again was used in the V79 


system, with parallel samples of the fiber which had been subjected to mild acid leaching to 


remove near-surface magnesium. Fiber modification was demonstrated and measured by X-ray 


photoelectron spectroscopy, scanning electron microscopy - X-ray spectroscopy, and zeta-


potential measurement. No significant differences in genotoxic activity were found between the 


treated and untreated fibers. 


Small fiber toxicity may be a combination of mineral surface functional group direct 


membranolytic activity as modulated by interactions with components of the pulmonary 


surfactant system, and some limited “frustrated” phagoctyosis-associated ROS induced 


damage, the latter dependent on the possible spread of fiber length values which permit or 


hinder phagocytosis with variations in cell siza. 


In assaying for the first mechanism, the non-fiber mechanism, there is one additional caveat to 


be considered in experimental design. While the use of components of pulmonary surfactant or 


of surrogate surfactant, e.g., Survanta, may partially model a physiological prophylaxis in the 


lung, cell test systems may inadvertently introduce a non-representative prophylactic effect 


through the use of serum in the in vitro system media. Dr. Oberdorster and colleagues 


published an observation of such partial passivation of silica by lipoproteins in a serum medium 


seen in an in vitro test; and we have seen apparent similar phenomena in the pasivation of 


kaolin in such a system. 







This is a peripheral matter to the question posed, but of possible interest with regard to the 


overall question of health protection for anomalously high environmental or occupational 


exposures to respirable and potentially fibrogenic particles or fibers. Some of the provided 


literature and the body of medical experience indicate that pulmonary fibrosis resulting from 


asbestos or non-extreme silica dust exposures may be slow to progress, but detection can be 


subject to even greater delay: Early pulmonary fibrosis seen in tissue section histopathology 


frequently is not discernable on chest X-ray. Some of the new imaging modalities may provide 


an alternative to conventional radiological detection or grading of pulmonary fibrosis. Tritiated 


proline amino acid has been used for decades for autoradiographic analysis of collagen 


formation in lung necropsy sections of animal models of silicosis. Positron emission 


tomography using a positron-emitter labeled analog of the amino acid proline, which is used in 


great fractional quantity in collagen synthesis, may permit a relatively non-invasive method to 


detect and localize heightened collagen synthesis activity, i.e., localized fibrosis, in the lungs 


after exposure to asbestos or crystalline silica respirable dusts. Initial testing with a rabbit 


model of silicosis suggests the approach has the efficacy for detection of fibrosis as an early 


active metabolic event. Wallace et al. “Cis-4-[F-18]fluoro-L-proline PET imaging of pulmonary 


fibrosis in a rabbit model”. J Nuc Med 43:413-420,2002. .Specificity of the method, e.g., for 


response to fibroblast collagen synthesis versus to a generally heightened metabolism 


associated with non-specific and transient inflammatory response by macrophages or 


neutrophils. The latter is seen with conventional fluoro-deoxy-glucose PET imaging. A non-


invasive method for active fibrosis might also aid in surveillance of special populations for early 


indications of lung fibrosis or in evaluating medical management of advancing disease. 
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Dr. Lippmann’s Post-Meeting Comments 


ATSDR Fiber Panel Review 


Topic # 1. Physiological Fate of Asbestos and Vitreous Fibers less than 5 Microns in 
Length. Discuss/review current knowledge about the physiological fate of small fibers when they 
enter the body. 


A.	 What is the expected physiological depositional pattern for less-than-5-micron fibers in 
the lung? 


This is well established in terms of the depositional mechanisms of impaction, sedimentation, 
Brownian motion and (for fibers) interception. Fibers with aspect ratios >10 behave 
aerodynamically like unit density spheres with diameters three times their fiber width (Stöber et 
al., 1970; Timbrell, 1972). The only exception, in terms of being influential in deposition in lung 
airways is for fibers longer than about 10 µm, where the mechanism of interception becomes 
influential (Sussman et al, 1991). This also accounts for the fact that longer fibers have 
proportionately more deposition in the airways as opposed to peripheral alveoli. The fact that 
lung retention also increases more markedly with fibers greater than 10 microns is supported by 
theoretical calculations (Yu et al., 1990), analysis of lung dust content in humans (Timbrell, 
1982; Churg and Wiggs, 1987; Pooley and Wagner, 1998) and studies using experimental 
animals (Morgan 1979, 1995). Thus, for fibers <5 µm in length, deposition patterns and 
efficiencies will be determined almost entirely according to the fiber width, which for fibers <5 
µm long will be less than about 1.6 µm. For fiber widths between about 0.1 and 1.6 mm, total 
lung deposition in healthy people will be between 10 and 20%, with almost all of it in the deep 
lung. For fibers thinner than 0.1 µm, deposition will increase with decreasing width, and there 
will be a somewhat greater proportion of the deposition in the more proximal airways. Particles 
that are not deposited remain suspended in the tidal air and are exhaled. 


There are significant differences between humans and rats with respect to deposition efficiencies 
of long as well as short fibers; respirability is very different and the deposition fractions are 
significantly different as well between the two species. 


B.	 What is known about clearance/biopersistence of less-than-5-micron fibers once deposited 
in the lungs? 


For these short fibers, which can be fully engulfed by lung cells and do not dissolve in airway 
fluids in less than a few weeks, their clearance will be similar to other mineral and vitreous 
particles. Those depositing in lung conductive airways will be largely removed to the G.I. tract 
by mucociliary clearance within about one day. Most of those depositing in the gas-exchange 
region will be phagocytized by alveolar macrophages and cleared to and through the mucociliary 
escalator within a few weeks. Other particles may be engulfed by epithelial cells, primarily in the 
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vicinity of the bronchial-alveolar duct junctions, and retained for much longer periods, with 
gradual removal to lymph nodes. 


The relatively rapid clearance of short fibers and compact particles from the lung has been 
demonstrated in a number of studies (reviewed in Health Effects Institute-Asbestos Research, 
1991; Davis, 1994; Oberdörster et al., 1990; Morgan, 1995). Such particles can be: 1) readily 
transported through tracheobronchial and other lymph nodes to more distal lymphatics, the 
pleura, or other organs; 2) cleared via the mucociliary escalator and alveolar macrophages; and 3) 
effectively phagocytized by a number of cell types in the lung including epithelial cells (Churg et 
al., 2000). Once within a phagolysosome or in general in lung fluids, shorter fibers of chrysotile 
asbestos (Hume and Rimstidt, 1992) or glass (reviewed in Lippmann, 1990) are more prone to 
dissolution and fragmentation than longer fibers and amphibole types of asbestos. 


Absent abnormalities in phagocyte function of these particles should be removed even if they are 
chemically resistant if: (a) the dose is not too great to overwhelm these normal mechanisms; and 
(b) the mechanisms themselves are intact. There are medical conditions which affect these 
mechanisms, however, so there are likely to be vulnerable populations (such as those with 
primary ciliary disorders; these tend to be genetic and very rare such as primary ciliary 
dyskinesia (incidence 1:20,000 to 1:60,000)). Of greater frequency is the lesser effect on 
mucociliary clearance in asthma. In addition environmental influences, including smoking and 
nitrogen dioxide (Case et al., 1982), can affect these normal mechanisms through direct ciliary 
damage or disrupted function. Some common pharmaceuticals slow mucociliary transport (for 
example, some general anaesthetics and atropine), while others accelerate it (for example, 
theophyllines and sympathomimetics). Bronchial secretion is also an important contributor to 
clearance or impaired clearance, as can be seen most dramatically in cystic fibrosis. Overall, 
then, there are a number of possible factors that may interfere with particle clearance, but none 
have been associated with “fiber length” parameters with the possible exception of smoking 
(Takahashi et al., 1994). 


The most important physiological clearance mechanism in alveolar region is clearance by 
alveolar macrophages (AM). Of importance is fiber length with respect to phagocytosis and 
removal by alveolar macrophages. Short fibers are easily phagocytized, fibers longer than 20 µm 
are not. There are species differences in AM size. Thus, clearance for long fibers is prolonged, 
as is that for short fibers when high lung burdens are reached (particle overload). Also, intrinsic 
toxicity, which influences clearance, has to be considered. Inflammatory conditions in the 
lung (for example, smokers) also contribute to impairment of alveolar macrophage-mediated 
mechanical clearance and need to be considered. 


Biopersistence is the sum of physiological clearance processes and physicochemical processes, 
which together account for the retention halftime of the fibrous or non-fibrous material in the 
lung. Physicochemical processes include dissolution, leaching, breaking and splitting, depending 
on the fibrous material, that can occur intra- as well as extra-cellularly, and differences in pH in 
both locations are of importance here. Clearance rates of fibers of different length categories 
have been determined from short- and long-term inhalation studies (Davis et al., 1986, 1987; 
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Wagner, 1990). Generally, short fibers are cleared rapidly if biosoluble (pH differs 
intracellularly vs. extracellularly), or at rates similar to nonfibrous particles. Breakage of long 
fibers will give input into short fiber category. 


The hazards associated with man-made vitreous fiber (MMVF) appear to be most strongly 
associated with the ability to persist within lung tissue. This is, in part, dependent upon chemical 
composition of the MMVF, in that increased concentrations of stabilizers such as aluminum 
impact a greater degree of chemical durability. In vitro tests to measure fiber solubility should be 
performed to reflect an acid pH of 4.5 to 5.0 such as found in phagolysomes within alveolar 
macrophages as well as pH of 7.4 reflecting extra-cellular fluid. Short fibers that are ingested by 
macrophages will encounter the lower pH that overall could affect their biopersistence. In 
general, solubility tests identified the following rank order from lowest to greatest solubility of 
MMVF in comparison to asbestos fibers: crocidolite <amosite <RCF <special purpose glass 
fibers <rock wool <slag wool <conventional glass fibers (NRC, 2000). 


In rodent exposure to mixed dust resulted in an increased transport of fibers across the visceral 
pleura and increase production of lung tumors and mesothelioma (IARC# 140, 1996). 


C. What type(s) of migration are expected within the body for less-than-5-micron fibers? 


Fibers with diameters less than ~0.1 µm, which could be a significant fraction of fibers <5 µm in 
length, can penetrate through the respiratory epithelia and be transported through lymph channels 
to hilar and peripheral (mesothelial) lymph nodes and through blood to more distant body organs. 
Gelzleichter et al. (1996) exposed rats to nose only inhalation of kaolin-based refractory ceramic 
fiber. It was identified that fibers rapidly translocate to the pleural tissue with a difference 
between those in the pleural tissue and the parenchymal tissue. Within the pleural tissue the 
geometric mean length 1.5 µm (GSD ~ 2.0) and geometric mean diameter 0.09 µm (GSD ~1.5). 
For comparison parenchymal tissue GML = 5.0 µm (GSD ~2.3) and GMD 0.3 µm (GSD ~1.9.) 
This would indicate the short thin fibers are capable of translocating to the pleural tissue. 


This may be an important subject, at least for the parietal pleura, if it is necessary for fibers to 
reach the pleura to cause lesions (plaques and mesothelioma). It remains possible that fibers still 
within the peripheral lung may be capable of contributing to the mechanisms of these diseases. 
Mechanisms remain speculative, but long amphibole fibers may tend to localize toward the lung 
periphery, and it remains possible (but unproven and indeed untested) that chemical mediators 
may cross the visceral pleura into the pleural space. Churg and Wiggs (1987), among others, 
have observed that “accumulation of long fibers immediately under the upper lobe pleura may be 
important in the genesis of mesothelioma.” 


Two recent studies are informative (Boutin et al., 1996; Dumortier et al., 2002). They found that 
“the distribution of asbestos fibers in the pleura was heterogeneous and that they might 
concentrate in…’black spots’ of the parietal pleura.” Using thoracoscopy in living patients from 
“normal areas of the parietal pleura” rather than plaques and tumor, and using controls, they 
showed that “amphiboles outnumbered chrysotile in all samples” and that of all fibers 22.5% 
were in fact greater than or equal to 5 µm in length; a proportion at least as great as that usually 
seen in lung tissue. The means of translocation remains unknown, although these findings 
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strongly suggest lymphatic drainage paths. The pathogenic significance also remains unknown, 
although the authors emphasized their hypothesis that these fibers might contribute to plaque and 
mesothelioma genesis. 


Other papers that have been published (in relation to human disease) have been for the most part 
based on static “fiber burdens” that purport to be in “the pleura” but which on careful reading are 
in fact in mesotheliomatous tissues and/or pleural plaques; the false assumptions are then made 
that “short fibers” - usually very short chrysotile fibers, averaging less than 0.2 µm in length 
have “translocated” to the “pleura” from the lung. In fact the “pleura” was not studied, tumor 
and plaque, which by definition could not contain fibers except via specimen contamination or 
incorporation, most likely from adjacent lung. Both Rogers et al. (1994) and Case et al. (1994) 
have also reported contamination by short crocidolite fibers of Nuclepore filter materials and in 
uncontrolled studies of this nature any material from air, fluids, and paraffin in the pathology 
laboratory from which the specimens originally were referred to specimen preparation materials 
are suspect. 


References 


Boutin, C., P. Dumortier, F. Rey, J.R. Viallat, and P. De Vuyst. 1996. Black spots concentrate 
oncogenic asbestos fibers in the parietal pleura. Thoracoscopic and mineralogic study. Am. J. 
Respir. Crit. Care Med. 153:444-449. 


Case, B.W., R.E. Gordon, and J. Kleinerman. 1982. Acute bronchiolar injury following nitrogen 
dioxide exposure: A freeze fracture study. Environ. Res. 29:399-413. 


Case, B.W.K., M. Harrigan, and A. Dufresne. 1994. Lung fibre content of American children 
aged 8-15 years. Ann. Occup. Hyg. 38:639-645. 


Churg, A. and B. Wiggs. 1987. Accumulation of long asbestos fibers in the peripheral upper 
lobe in cases of malignant mesothelioma. Am. J. Ind. Med. 11:563-569. 


Churg, A., J. Wright, B. Gilks, and J Dai. 2000. Pathogenesis of fibrosis produced by asbestos 
and man-made mineral fibers: What makes a fiber fibrogenic? Inhal. Toxicol. 12:15-26. 


Davis, J.M.G. 1987. Experimental data relating to the importance of fibre type, size, deposition, 
dissolution and migration. In: Proceedings of 1987 Mineral Fiber Symposium. Lyons: 
International Agency for Research on Cancer. 


Davis, J.M.G. 1994. The role of clearance and dissolution in determining the durability of 
biopersistence of mineral fibers. Environ. Health Perspect. 102:113-117. 


Davis, J.M.G., J. Addison, R.E. Bolton, K. Donaldson, A.D. Jones, and T. Smith. 1986. The 
pathogenicity of long versus short fiber samples of amosite asbestos administered to rats by 
inhalation and intraperitoneal injection. Br. J. Exp. Pathol. 67:415-430. 


E-4
 







Dumortier, P., F. Rey, J.R. Viallat, I. Broucke, C. Boutin, P. De Vuyst. 2002. Chrysotile and 
tremolite asbestos fibres in the lungs and parietal pleura of Corsican goats. Occup. Environ. 
Med. 59:643-646. 


Gelzleichter T.R., E. Bermudez, J.B. Mangum, B.A. Wong, J.I. Everitt, and O.R. Moss. 1996. 
Pulmonary and pleural responses in Fischer 344 rats following short-term inhalation of a 
synthetic vitreous fiber. I. Quantitation of lung and pleural fiber burdens. II. Pathobiologic 
responses. Fundam. Appl. Toxicol. 30:31-46. 


HEI-AR Asbestos Literature Review Panel. 1991. Asbestos in public and commercial buildings: 
A literature review and synthesis of current knowledge. Cambridge, MA: Health Effects 
Institute - Asbestos Research. 


Hume, L.A. and J.D. Rimstidt. 1992. The biodurability of chrysotile asbestos. Am. Mineral 
77:1125-1128. 


IARC. 1996. Mechanisms of Fibre Carcinogenesis. In: IARC Scientific Publications No. 140, 
eds. A.B. Kane, P. Bofetta, R. Saracci, and J.D. Wilbourn. Lyon: International Agency for 
Research on Cancer. 


Lippmann, M. 1990. Effects of fiber characteristics on lung deposition, retention, and disease. 
Environ. Health Perspect. 88:311-317. 


Morgan, A. 1995. Deposition of inhaled asbestos and man-made mineral fibres in the 
respiratory tract. Ann. Occup. Hyg. 39:747-758. 


NRC. 2000. Review of the U.S. Navy's Exposure Standard for Manufactured Vitreous Fibers. 
Washington, DC: National Academy Press. 


Oberdörster, G., J. Ferin, J. Finkelstein, S. Soderholm, and R. Gelein. 1990. Mechanistic studies 
on particle-induced acute and chronic lung injury. In: Aerosols: Science, Industry, Health and 
Environment, Vol. 2, eds. S. Masuda and K. Takahashi, pp. 1229-1233. New York, NY: 
Pergamon Press. 


Rogers A.L, J. Berry, et al. 1994. Dose-response relationship between airborne and lung 
asbestos fibre type, length, and concentration, and the relative risk of mesothelioma. Ann. 
Occup. Hyg. 38:631-638. 


Stöber, W., H. Flachsbart, and D. Hochrainer. 1970. Der aerodynamische Durchmesser von 
Latexaggregaten and Asbestfasern. Staub-Reinhalt. Luft. 30:277-285. 


Sussman, R.G., B.S. Cohen, and M. Lippmann 1991a. Asbestos fiber deposition in a human 
tracheobronchial cast. I. Experimental. Inhal. Toxicol. 3:145-160. 


Sussman, R.G., B.S. Cohen, and M. Lippmann 1991b. Asbestos fiber deposition in a human 
tracheobronchial cast. II. Empirical model. Inhal. Toxicol. 3:161-179. 


E-5
 







Takahashi, K., B.W. Case, A. Dufresne, R. Fraser, T. Higashi, and J. Siemiatycki. 1994. 
Relation between lung asbestos fibre burden and exposure indices based on job history. Occup. 
Environ. Med. 51:461-469. 


Timbrell, V. 1972. An aerosol spectrometer and its applications. In: Assessment of Airborne 
Particles, eds. T.T. Mercer, P.E. Morrow, and W. Stöber, pp. 290-330. Springfield, IL: Charles 
C. Thomas. 


Timbrell, V. 1982. Deposition and retention of fibres in the human lung. Ann. Occup. Hyg. 
26:347-369. 


Wagner, J.C. 1990. Biological effects of short fibers. In: Proceedings of the VII International 
Pneumoconiosis Conference (Pittsburgh, PA, August 1988). NIOSH 90-108, Vol. 2, pp. 835
840. Washington, DC: National Institute of Occupational Safety and Health. 


E-6
 







Dr. Lockey’s Post-Meeting Comments 



What do human/epidemiological data tell us about small fibers? 

Discussion Leaders: Dr. Lockey and Dr. Case 



Cancer Effects 


Short natural occurring fibers. A study by Higgins, et al. [1] in 1983 reviewed the mortality of 
workers employed at the Reserve Mining Company at Babbit, Minnesota. These workers were 
involved with mining taconite, which is a dense hard rock composed of silica, silicates and iron. 
Taconite mined in the eastern tip of the Mesabi range contained amphiboles in the 
cummingtonite-grunerite series. These fibers are short in length with reportedly the vast majority 
being <10 µm and are related to amosite asbestos. Of the 9,065 men employed by the company 
as of July 1, 1976, 5,751 had worked one year or more. The investigators established the vital 
status of 96% of those who worked for five years or longer and 75% of former workers who 
worked one to four years. The total respirable dust ranged from 0.02 mg/m3 to 2.52 mg/m3 and 
as high as 2.75 mg/m3 with the modal range from 0.2 mg/m3 to 0.6 mg/m3. There were relatively 
few measurements of fibers and those that were available demonstrated concentrations usually 
low with a few at or above 0.5 fibers/ml in the crushing department. Reportedly none 
approached the OSHA threshold limit value which at that time was 2 fibers/ml. Results of the 
study indicated that there was no excess death in this population including those men with 
cumulative exposure of 1,000 to 3,000 total dust years or 500 to 1,000 silica dust years. The 
conclusions of the study indicated the death rates for all causes were significantly below 
expectations including selected respiratory disease and death from malignant disease was 
marginally below that expected for the State of Minnesota. There was no relationship between 
lifetime dust exposure and increased mortality, nor was there any indication that malignant 
neoplasm was increased after 15 to 20 years latency. The authors identified a weakness of the 
study in that the average latency of the cohort was 14.7 years with a maximum of 24.6 years, or a 
relatively short latency for development of cancer. 


A study by McDonald, et al. [2] regarding the mortality from long-term exposure to 
cummingtonite-grunerite from a gold extraction process at the Homestake Mine, Lead, South 
Dakota was reviewed. Those workers who had worked 21 years or longer were traced and of 660 
men who had died, the cause of death was ascertained for 657. Results of the study indicated 
pneumoconiosis, which was mainly silicosis along with tuberculosis, and heart disease were 
causes of excess death. There was a dust exposure relationship for both pneumoconiosis and 
respiratory tuberculosis, but reportedly no convincing increase in respiratory cancer. It was noted 
that more than 75% of the 660 men who had died started to work before 1925. The interval 
between first employment and death and the 76 fatalities from tuberculosis or pneumoconiosis 
ranged from 22 to 61 years with a median of 35 years. Average silica dust concentrations ranged 
from 11.0 to 24.6 mppcf before 1952. A study by Dement, et al. [3] reported that 80% to 90% of 
fibers in the mine had an amphibole diffraction pattern by transmission/scanning electron 
microscope equipped with an energy-dispersive X-ray spectrometer. The mean total fiber 
concentration was 4.82 + 0.68 f/cc (range 0.66–11.79) with 0.36 + 0.08 f/cc (range 0.07-1.29) 
greater than 5 µm in length. There was one potential mediastinal mesothelioma which could not 
be confirmed in the 17 respiratory malignancies (16.5 expected based on South Dakota rates). 
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The results of the study were in conflict with an earlier study by Gillam, et al of the same mine of 
440 males who worked at least five years underground by 1960. Reportedly there were 10 deaths 
from neoplasm of the respiratory system between 1960 and 1973 where as 2.7 were expected 
based on the male population of South Dakota [4]. 


Conclusions 


There is no data regarding human exposure to asbestos fiber uniformity less than 5 µm in 
length. 


Studies of workers exposed to cummingtonite-grunerite, a type of amphibole related to 
amosite, demonstrated no consistent increase in overall mortality, mortality related to 
selected respiratory disease, or respiratory cancer. The vast majority of airborne fibers 
were reported to be less than 10 µm in length. 


Studies of workers of a gold mine in Lead, South Dakota exposed to cummingtonite
grunerite initially demonstrated an increased mortality from malignant respiratory disease. 
A subsequent study did not confirm the initial finding but demonstrated an increase in 
silicosis and tuberculosis. Mean total fiber concentration was 4.82 f/cc with 0.36 f/cc 
greater than 5 µm in length. 


Consideration should be given for performing a feasibility study regarding an updated 
mortality analysis of these two cohorts. 


MMVF Mortality Studies. Mortality studies of glass fiber and mineral wool production workers 
have been ongoing in the U.S. most recently under the direction of Marsh, et al at the University 
of Pittsburgh, and within the European Union under the direction of the International Agency for 
Research on Cancer (IARC). The most recent follow up study by Marsh, et al. [5,6,7] of 10 U.S. 
glass fiber manufacturing plants demonstrate no excess mortality from all causes, all cancers 
combined, or non-malignant respiratory disease. For respiratory system cancer, there was an 
observed 6% excess that was statistically significant for the total cohort but not found in workers 
who had five or more years of employment. An association was seen with calendar time and 
time since first employment, but no relationship was found with duration of employment, or 
increase in exposure to respirable glass fiber. A case-control study of respiratory system cancer 
did not identify increased risk with duration of exposure, cumulative exposure, or time since first 
employment. An association with non-baseline levels of average intensity of exposure to 
respiratory fibers was not present when adjusted for smoking. 


A previous case-control study of a glass fiber manufacturing facility included in the U.S. glass 
fiber study demonstrated that differences in local versus national smoking rates may have been a 
contributing factor in the excess respiratory cancer seen in that manufacturing facility. [8] The 
potential confounding impact of cigarette smoking in the U.S. glass fiber and rock/slag wool 
studies was further explored by Buchanich, et al. [9] and Marsh, et al. [10] and identified as the 
potential unaccounted for factor regarding the small excess respiratory system cancer not related 
to exposure indices. 


Previous analysis of five rock and slag wool plants in the U.S. demonstrated increased lung 
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cancer mortality using U.S. but not local rates, and this was confined to short-term workers or
 
those workers with less than five years duration of employment. There was no association with
 
measures of respirable fiber exposure. [11] Within the U.S. a case-control study of 9 slag wool
 
plants demonstrated an association with smoking but not MMVF exposure. [12]
 


Most recent analysis of the U.S. rock and slag wool workers as well as glass fiber production
 
workers identified ten death certificates that mentioned the term mesothelioma. [13] Of the ten
 
cases of mesothelioma, two on pathology review were definitely not felt to be mesotheliomas,
 
one had a 50% chance of mesothelioma, and two others had less than 50% chance of
 
mesothelioma. Medical records or pathology specimens were not available on the remaining
 
five. Using a timeframe when specific malignant mesothelioma coding rubrics were available,
 
the expected mesothelioma rate (local county comparison) was 2.19 versus 1 observed. Overall
 
the authors felt there was no increased risk from the malignant mesothelioma in the U.S. MMVF
 
cohort.
 


The IARC have followed the mortality of workers among 13 MMVF manufacturing facilities in
 
Europe. [14] The most recent update demonstrated a significant increase in lung cancer mortality
 
in rock and slag wool workers as well as glass wool workers, using national mortality rates which
 
disappeared for the glass wool workers when using local adjustment factors to the national
 
mortality rates. In addition, there was no association in the glass wool workers with time since
 
initial employment or duration of employment, and with removal of glass wool workers with less
 
than one-year employment no excess lung cancer was noted.
 


Within the rock and slag wool cohort there was an increase in lung cancer risk but the authors
 
felt there was no clear information to indicate that the increased cancer risk was specifically
 
related to fiber exposure. [14] A subsequent cohort study demonstrated similar results. [15] A
 
case-control study nested in this latter cohort indicated no relationship between cumulative rock
 
or slag wool exposure and lung cancer. [16,17] 
 
Within the IARC study there were five cases of mesothelioma, two which occurred in workers
 
with less than one-year employment and two in workers with most likely prior asbestos exposure.
 
[14] 


Preliminary results of a mortality study of U.S. RCF manufacturing workers demonstrate no 
significant increase in malignant or non-malignant respiratory mortality and no malignant 
mesothelioma. The power of the study was limited as the cohort was relatively young and small in 
number. [18] 


Conclusions 


There are no data regarding human exposure to MMVF uniformity less than 5 µm in 
length. 


There is no persuasive evidence that exposure to glass fiber, rock wool, slag wool, or 
refractory ceramic fiber has been associated with increased lung cancer risks based on 
ongoing U.S. and European mortality studies. 


There is no indication of an increased risk for mesothelioma. 
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Non-Cancer Effects 


MMVF Morbidity and Mortality Studies. Non-malignant respiratory effects: Studies of five 
fiberglass and two mineral wool manufacturing facilities identified small opacities in 1.6 % of 
the population studied that were predominantly irregular in shape. [19] These workers were 
involved with working in facility manufacturing fibers over 3 µm in diameter and fibers 
averaging 1 µm to 3 µm in diameter. The overall rate of chest X-ray changes was no different in 
comparison to a non-MMVF exposed comparison group, and any relationship between exposure 
indices was seen at profusion level 1/0 but not 1/1. There was no increase in upper or lower 
respiratory tract symptoms. Similar results were seen in a study in Australia of glass and rock 
wool production workers with no findings of asthma, pulmonary fibrosis or pleural disease. [20] 
A similar study of rock wool workers also did not demonstrate increased respiratory symptoms or 
abnormalities with DLCO or DL/Va. A potential additive or synergistic effect, however, was 
seen regarding the FEV1/FVC ratio, fiber exposure, and those with greater than 40-pack year 
history of cigarette smoking. [21] 


The IARC [22] study demonstrated no increased mortality from asthma, bronchitis or 
emphysema, which is similar to the most recent analysis of the glass fiber workers in the United 
States which did not identify increased mortality from non-malignant respiratory disease. [5] Of 
interest in the IARC study was the suggestion of an increased risk from non-malignant renal 
disease (SMR 0.97, 95% CI 0.36 to 2.11) in regard to duration of employment or employment at 
an early phase within the rock and slag wool industry. Within the U.S. mineral wool study a 
similar trend was noted (p < .05) with a SMR of 204 (observed 12) in regard to nephritis and 
nephrosis. [11] Similar type patterns have not been demonstrated in relationship to nephritis and 
nephrosis deaths in U.S. glass wool manufacturing facilities. [23] 


There are very limited studies on end users of man-made vitreous fibers. One study identified 
increased prevalence of chest radiograph evidence of irregular opacities in workers using rotary 
spun fiberglass, but there was a question of airborne asbestos fibers within the plant site. [24,25] 
In insulators a decrease in FEV1 was identified in comparison to a non-exposed control group 
after adjusting for smoking habits and self-assessed former asbestos exposure. [26] 


On-going morbidity studies of workers involved with refractory ceramic fiber (RCF) 
manufacturing have identified a relationship between pleural plaques and time from initial 
employment, duration of employment, and cumulative refractory ceramic fiber exposure. Pleural 
changes were seen 2.7% or 27 workers out of 1,008 of which 22 were pleural plaques. Of those 
with greater than 20 years latency from initial production job or 20 years duration in a production 
job, 16 workers or 8.0% and 5 workers or 8.1% had pleural changes, respectively. Interstitial 
changes were noted in 1.0% at profusion category >1/0, similar to other non-specified dust 
exposed worker populations and showed a non-significant elevated OR in regard to cumulative 
fiber exposure of 4.7 (95% CI, 0.97 to 23.5). In regard to cumulative fiber exposure, 5.4% (8 of 
148) with greater than 45 to 135 fiber-month/cc exposure had pleural changes (OR 5.6, 95% CI, 
1.5 – 28.1). For those with >135 fiber-months/cc exposure, 9.8% (6 of 61) had pleural changes 
(OR 6.0, CI 1.4 – 31.0). [27] European studies concurred that there was some evidence of a 
relationship between RCF latency and pleural changes including pleural plaques but not duration 
or intensity of RCF exposure, but it was difficult to separate the effects asbestos and RCF 
exposure and any relationship between RCF exposure and small opacities was at best ambiguous. 
[28] 
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Previous studies of the RCF workers demonstrated a relationship between 10 years of 
employment in production job tasks prior to 1987 and small decrements in FVC for current 
(165.4 ml) and past (155.5 ml) male smokers, but not never-smokers, and small decrements in 
FEV1 for current male smokers only (134.9 ml). For never-smoker women there was also a 
decrement in FVC (350.3 ml) per 10-years employment in production job tasks. [29] A 
longitudinal analysis in those male workers able to provide five tests or more did not demonstrate 
any further decrement of the FEV1 or FVC between initial and final tests. [30] 


Conclusions Regading Non-Cancer Effects of MMVF 


There are no available morbidity studies of workers exposed to MMVF uniformly less 
than 5 µm in length. 


No increased mortality from non-malignant respiratory disease. 


No indication of chest radiograph interstitial or pleural changes in regard to glass and 
mineral wool production workers but data is limited. 


Refractory ceramic fiber (RCF) exposure appears to be associated with the occurrence of 
pleural plaques that most likely are related to increased exposure levels in the RCF 
manufacturing facilities prior to 1985. 


Potential additive or synergistic effect with MMVF exposure and small decrement in FVC 
and/or FEV1 involving current or former smokers. 


Within mineral wool cohort, question of potential increased mortality from non-malignant 
renal disease such as nephritis and nephrosis. 


End user studies of MMVF users are limited and are confounded by potential previous 
asbestos exposure. 


Irritant Effects 


MMVF can cause skin irritation particularly in an area where clothing comes in close contact to 
the skin such as around the neck or forearms. Essentially this occurs in 5% of new workers 
involved with MMVF production. [31] Residential contamination of man-made vitreous fibers in 
high concentration can also cause irritation to the upper as well as lower respiratory tract. [32] 
Glass fibers with diameters greater than 5.3 µm have been reported to be more likely to cause 
skin irritation than the smaller diameter fibers, mainly due to mechanical irritation. [33,34] There 
has been documentation of eye irritation associated with MMVF as well as nasal and pharyngeal 
irritation with unusual MMVF dust exposure situations. [35,36] 


Conclusions 


Skin irritation appears to be related to the mechanical effects of fiber ~5 µm in diameter 
and appears to be worse in hot, humid weather. 
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Accidental exposure to increased concentrations of MMVF can result in upper and lower 
respiratory tract irritation as well as eye irritation. 


Association Between Fiber Length and Fiber-like Toxicity 


There have been no published studies that address whether asbestos fibers uniformly 
 
<5 µm in length have been associated with pleural or parenchymal disease in human. Any
 
potential risk associated with fiber exposure <5 µm in length most likely would be related to an
 
increased risk for pulmonary asbestosis, and most likely would occur at a substantially higher
 
dose in comparison to exposures to asbestiform fibers (long fibers with high aspect ratios). [37] 
 


There is some indication that fibers with diameters with <0.1 µm to 0.4 µm and lengths <10 µm
 
may have a propensity for inducing pleural plaques. [38] Methodologies used to analyze pleural
 
and/or parenchymal tissue for the presence of fibers and association of pleural changes differ
 
markedly between investigators, however. Human studies of individual exposed to asbestos
 
fibers are difficult to interpret in regard to toxicity solely related to fibers <5 µm in length
 
because exposure situations almost uniformly contain a broad distribution of fiber diameters and
 
length.
 


Preliminary results of residents of Libby, Montana that were exposed to asbestiform tremolite
 
indicate a high propensity for pleural changes in comparison to interstitial changes. [39] There is
 
some indication that exposure to tremolite fibers with relatively low aspect ratios in comparison
 
to the asbestiform type tremolite may be capable of causing pleural plaques. [40] Pleural plaques
 
can occur with minimal exposure to asbestos and can occur within a wide range of tissue burdens
 
of asbestos fibers which overlap with control populations. [41] 
 


Conclusions 


Even though there are no human studies solely of MMVF <5 µm in length, the available 
morbidity and mortality studies of MMVF production workers indicate limited overall 
toxicity from MMVF exposure. 


There are no human studies regarding exposures solely to asbestos fiber <5 µm in length 
but there has been some speculation that durable fibers <10 µm in length and <0.1 to 0.4 
µm in diameter may be associated with pleural plaques in relatively low concentration, in 
particular the amphibole tremolite. 


For asbestos fibers <5 µm in length, it would appear that very high doses may have the 
propensity to cause interstitial fibrosis, particularly if the fibers are durable within 
intracellular fluids. 


Thresholds for Toxic Action 


For asbestos and MMVF less than 5 µm in length, thresholds for toxic action in humans have not 
been established but most likely is substantially higher than the thresholds for long durable fibers 
with increased aspect ratios of respirable size. 
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Asbestos Versus MMVF 


Based on animal and human studies, natural occurring asbestos fibers that are of respiratory size, 
long and thin with high aspect ratios, and durable within physiologic fluids represent the highest 
risk for malignant (lung cancer and mesothelioma) and non-malignant (interstitial fibers) 
respiratory disease. These abnormalities have not been demonstrated in MMVF manufacturing 
workers. 
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Dr. McConnell’s Post-Meeting Comments 



How Do Animal/Experimental Data Augment 

Our Understanding of Human Health Effects 



Background: There have been numerous studies of the effects of various types of asbestos 
(ATSDR, in press) and SVFs (ATSDR, in press) in animals. Both fibrous and nonfibrous 
particulates have been used. Most studies have been conducted in rats and hamsters, but others, 
including nonhuman primates have been used. Routes of exposure have included inhalation 
(whole-body and nose-only), intratracheal instillation, intrapleural implantation/injection, 
intraperitoneal injection and ingestion. All of the routes of administration have their strengths 
and weaknesses (advantages, disadvantages and limitations) for use for assessing potential health 
effects in humans (McConnell, 1995). However, the inhalation route appears to produce the 
most relevant data because it is the only route that duplicates all aspects of human fiber exposure 
and disease (inflammation, fibrosis, lung cancer and mesothelioma) resulting from the exposure 
(McClellan et al., 1992). Also, the neoplastic changes typically occur late in the rodents’ life, 
similar to what occurs in humans exposed to asbestos. Other routes of exposure are also useful 
for comparing the toxic potential of various types of fibers and understanding the mode of action 
and many of the mechanisms of fiber toxicity and carcinogenicity. Additionally, the oral route 
(ingestion) appears to be the most appropriate route of exposure for studying the potential hazard 
of ingested asbestos. 


Cancer effects: Rats and hamsters are the most frequently used species for assessing the 
potential carcinogenic effects as asbestos (IARC, 1987) and SVFs (IARC, 2002) and have been 
used with various routes of exposure. Of the two species, the rat appears to be the most 
appropriate one because it exhibits both lung cancer and mesothelioma in response to inhalation 
of known human carcinogenic fibers, e.g. asbestos. The hamster can be a useful model if one is 
only interested in the inflammatory, fibrogenic and mesotheliogenic effects of particulates. 
However, the hamster does not develop lung cancer after exposure to high levels of either 
chrysotile (McConnell et al., 1995) or amosite asbestos (McConnell et al., 1999). Other species 
have been used but have significant limitations that preclude their general use for carcinogenic 
bioassays. For example, the mouse is not as useful as the rat or hamster because its terminal 
airways are smaller and therefore, particulates of a mean mass aerodynamic diameter (MMAD) 
of greater than >0.5 um cannot reach the deep lung (alveolar region) which is the site of primary 
disease. Non-human primates would be an ideal animal model but are precluded because of their 
long life-span (would require at least 20-30 years to demonstrate a noncarcinogenic effect), 
availability (a cancer bioassay requires >200 animals/sex), and expense (such a study would cost 
>$20 million. 


Most chronic rodent inhalation bioassays of asbestos have been conducted in rats, have not 
shown significant strain differences and males and females are equally sensitive to its 
carcinogenic effects (ATSDR, in press). The only large series of studies of various types of 
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asbestos showed that if there is a gender difference, males might be slightly more responsive 
(Wagner, et al., 1974). Therefore, either sex is appropriate with males slightly more preferable. 
Just as importantly, both sexes are probably not necessary. However, these same studies have 
shown that while life-time exposure to asbestos may not be necessary, it is important to observe 
the animals for most of their life-span (see below). 


The types of cancer induced by asbestos and SVFs in rodents are comparable to those observed 
in humans, although the preponderance of a given type and its biologic behavior appears to be 
species specific. In inhalation studies in rats the preponderant form of lung cancer is 
bronchoalveolar in origin, arising from type II alveolar cells. They occur late in the animal’s life, 
usually after 21 months of age. This is why lifetime studies may be necessary to fully exonerate 
a fiber from being considered carcinogenic. The tumors are slow growing and only occasionally 
are the cause of death. The biological sequence of growth is typically from bronchoalveolar 
hyperplasia to bronchoalveolar adenoma to bronchoalveolar carcinoma, although all aspects of 
the sequence of progression may not be found in a given lesion (Boorman and Eustis, 1990). 
Squamous cell metaplasia is not unusual and typically is found as part of the morphology of 
larger tumors. Squamous cell carcinoma may predominate in a small percentage of rodent 
tumors, but has rarely been observed to occur de novo.  Squamous cell types may be more 
common with intratracheal instillation of the fibers (Pott et al., 1994). The malignant tumors are 
locally invasive and can metastasize but it is an unusual event for them to do so. When this 
occurs it is usually within the lung, but distant metastases have been observed. The presence of 
mitotic figures is in direct relation to the degree of malignant transformation. Tumors of the 
upper respiratory tract and airways have not been observed in response to inhalation exposure of 
asbestos or SVFs in rodents (IARC, 1987; 2002). 


Mesothelioma has also been found in rodent carcinogenic bioassays of asbestos and SVFs 
(IARC, 1987; 2002. In inhalation studies in rats they are usually found at a lower incidence than 
lung cancer. Again, there does not appear to be a gender predisposition and the mesotheliomas 
in rodents typically occur late in life (after 21 months of age). They rarely are the cause of death. 
They grow by expansion, growing over the pleural surface. They typically do not invade the lung 
or other adjacent structures, although this has been observed. They usually present as multiple 
lesions on both sides of the lung and involve both the visceral and parietal pleura. Rarely, distant 
metastases have been observed. In inhalation studies, all of the major morphological types 
(tubulopapillary, sarcomatous and mixed) have been observed, although the tubulopapillary 
response is the predominate form. There is one exception to this and that is found in the 
inhalation study of erionite, where the sarcomatous type predominated, was highly invasive and 
the tumors were exceptionally lethal causing death in most of the rats by 15 months (Wagner et 
al., 1988). In contrast to inhalation, direct instillation into the pleural (Stanton et al., 1981) or 
peritoneal cavities (Pott et al., 1987) results in a preponderance of sarcomatous neoplasms, and in 
fact, it may be difficult to find mesothelial cells in many of the tumors, particularly after 
peritoneal injection. However, even in these studies, the mesotheliomas seldom invade local 
tissues or metastasize to other areas of the body. 
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The biological sequence of events in the development of mesothelioma in rodents also appears to 
have a series of progressive steps (Boorman et al., 1990). In inhalation studies, the first event 
that is observed is fibrosis in the pleura immediately subjacent to the mesothelial lining. This is 
multifocal in nature, possibly occurring more frequently in the interlobular pleura. In the few 
studies where the parietal pleura has been investigated (McConnell, et al., 1999), the initial 
change was found in the nonmuscular portion of the diaphragm and over the ribs (as compared to 
intercostal). The first indication of mesothelial change is found in these areas of pleural fibrosis. 
The mesothelial cells become cuboidal (as compared to a normal squamous morphology) and 
progress to focal hyperplasia of one to three cell layers thickness. The next step is the formation 
of papillary forms of growth and overgrowth of adjacent pleura. It is at this stage that 
mesothelioma is diagnosed. Pseudovacuolated tumor cells may be noted at this stage. Finally, 
the tumor evolves into the classical forms noted above. The course of events is somewhat 
different for instillation and injection studies. The initial response in the latter studies is 
inflammation, followed by a fibrogranulomatous reaction (assumed to be an attempt to wall off 
the fibers). A similar sequence of progression is assumed but results in a higher proportion of 
sarcomatous types of mesothelioma. 


Pulmonary interstitial fibrosis (see below for description) is invariably found in studies where 
either asbestos or SVFs have caused either lung cancer or mesothelioma (Greim et al., 2001). 
However, there have been fiber studies where pulmonary fibrosis was observed without the 
development of fiber related neoplasms (McConnell, et al., 1994). 


In vitro studies may not be of high value for predicting the carcinogenic potential of a given type 
of fiber, although they can give some incite into the difference between the carcinogenicity of 
long and short fibers. There are several reasons for why they may not as useful for predicting the 
carcinogenic activity of a given type. First, the fiber used is not subjected to physiological 
processes such as clearance and dissolution that are found in the lung. Also, the in vitro test 
systems use “fresh” fibers so do not typically take into account pathology attenuating changes in 
fibers that occur over time in the lung. Finally, the in vitro “dose” may have no relevance to the 
lung fiber burden. However, not withstanding this, in vitro methods are highly powerful tools for 
understanding fiber/cell interactions and mechanisms of toxicity/carcinogenicity (see Mossman 
for details). 


Non-cancer effects: Animal models have also demonstrated many of the same pathological 
responses that are found in humans exposed to particulates (IARC, various volumes). The major 
noncancer endpoints that have been described in animals in experimental studies are 
phagocytosis, inflammation and pulmonary fibrosis. In regard to these endpoints, the rodent lung 
(and presumably other species) reacts to asbestos and SVFs as it would to any inhaled nonorganic 
foreign body that is not chemically toxic, e.g. beryllium. The lung can only react to such 
materials in a limited number of ways. In animals, if the particulate were deposited in the upper 
respiratory tract, one would assume that it would be possible for it to cause local irritation. 
However, this has not been observed in inhalation studies, even at high exposure levels. It is 
assumed that the resident time for such particles is brief, not allowing for a pathologic response. 
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The mucous layer in these tissues is relatively thick compared to the size of the particulate and 
the methods of removal are quite efficient. The same is true for the major airways. In 
experimental animals the airways are intact and have not been compromised by other toxicants as 
in humans, e.g. smoking. Therefore, particulates deposited on these surfaces are again efficiently 
removed via the mucociliary escalator and are either swallowed or expectorated. In either case, 
the resident time in the body is relatively brief. 


For a particulate to cause pathology in experimental animals after inhalation, it must reach the 
alveolar region of the lung. Particulate size dictates whether this happens or not. If the particle 
reaches terminal bronchiole it causes a foreign body reaction which is dictated by dose, particle 
(fiber) size and to some extent physical chemistry. The lungs’ initial response is an attempt to 
remove the offending substance. This is accomplished by resident macrophages. If the particle 
is of a size that the macrophage can engulf (phagocytize), it will be “captured and removed from 
the lung either by translocation to the airways or draining lymphatics. As the dose (number of 
particulates) increases, more macrophages are recruited. However, if the dose is too large for the 
number of available macrophages to remove, an “overload” situation develops which results in 
other pathologic events. Such events have been documented in animals both by histopathology 
and physiological tests (see Oberdorster for details). If the fiber is too large to be phagocytized 
and removed, i.e. longer than the size of the macrophage [~13 um diameter in rats and hamsters, 
monkeys ~15 um, and humans ~21 um diameter (Krombach et al., 1997)], the fiber cannot be 
removed unless it is broken into shorter lengths or dissolves (Maxim and McConnell, 2001). 
Both of the latter two phenomena have been observed with several SVFs (see below). 


If the dose overwhelms the physiological pulmonary defenses or the fiber is too large to be 
removed, the initial series of events in animals occur at the junction of the terminal bronchioles 
and proximal alveolar duct (this is where most of the fibers are initially deposited - It should be 
noted that rodents do not have a respiratory bronchiole, as do humans). In addition to a 
stimulating the local macrophages, an influx of additional macrophages is recruited to the area. 
At this point, the local type II alveolar cells (in the proximal alveoli) undergo metaplasia to a 
cuboidal appearance and become hyperplastic. The resulting lesion has been termed 
“bronchiolization” because the change mimics the appearance of the terminal airways. Increased 
amounts of mucous production and sometimes inspissation of the material often accompany this. 
Coincident to the bronchiolization, microgranulomas are observed. These appear to form from a 
coalition of macrophages and fibroblasts. At this time the microgranulomas are restricted to the 
proximal portion of the alveolar duct, particularly along the alveolar duct ridge. With time and 
continued insult the process proceeds peripherally and becomes more apparent. If the offending 
fiber persists, collagen is laid down in the adjacent interstitium (presumably by direct invasion of 
the fiber into the epithelium and interstitium). At this time the lesion is referred to as interstitial 
fibrosis. In rodent studies, the fibrotic areas are initially focal and widely disseminated. But, if 
the insult persists or the dose is high enough, fibrosis becomes more widespread. Various 
schemes have been developed to describe these events and grade them as to their severity for 
comparative purposes (McConnell et al., 1984: 2002). There is one notable difference between 
the qualitative appearance of the lesions produced by asbestos and SVFs in animals. Neutrophils 
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are often a prominent part of the inflammatory reaction with asbestos, especially with 
amphiboles, while they are rarely found in studies of SVFs, even at doses that produce fibrosis. 
The inflammatory reaction can also be documented and quantified by using the results of 
pulmonary lavage studies (see Oberdorster). 


Stop studies (where exposure is stopped and the animals are observed during a nonexposed 
recovery period) have proved useful for determining the reversibility of the above lesions. Such 
studies have clearly shown that the initial changes (macrophage response and bronchiolization) 
are totally reversible with most SVFs and to some degree with asbestos. Microgranulomas 
become less apparent and early fibrosis is also, to some degree, resolvable, at least with SVFs. In 
rodents, studies have demonstrated that fibrosis, even with asbestos, is not particularly 
progressive, once the exposure ceases. 


While there is no exact correlate for pleural plaques in animals, localized acellular fibrotic 
changes reminiscent of this lesion in humans have been observed, albeit on a much smaller scale. 
The qualitative changes in the pleura are somewhat different than in the lung. Macrophages and 
inflammatory cells are almost totally absent in the pleural response. Lavage studies have not 
been conducted with pleural instillation or peritoneal injection studies so it is not known if the 
same events occur with these routes of exposure of exposure. Animal inhalation studies also 
suggest that fibers need to be present in the pleura for pathologic events to occur. 


In vitro studies of mesothelial cells have been conducted using both human and animal cells. 
These have been primarily designed to study the mechanisms of carcinogenicity (see Mossman). 


Irritant effects: While there is evidence of dermal and ocular irritation of humans as a response 
to exposure to asbestos and SVFs, no such evidence has been observed in animals. 
Histopathological studies of the nasal cavity in rodents exposed via inhalation have not shown 
any evidence of pathology, although an increased mucous response could be missed with 
standard histopathology techniques. Similarly, ingestion studies in rats and hamsters of asbestos 
did not reveal any irritation of the alimentary tract (ATSDR, in press). 


In vitro studies on the irritant effects of either asbestos or SVFs in animals have not been 
reported. 


Association between fiber length and fiber-like toxicity: There are numerous animal studies 
that demonstrate the influence of fiber length and pathogenicity/carcinogenicity. The early 
studies by using intrapleural implantation/instillation (Stanton et al., 1981) and intraperitoneal 
injection (Pott et al., 1976) in rats clearly show a direct relationship between fiber size and 
carcinogenic activity. The longer the fiber, the more carcinogenic it was in these studies. These 
same studies provided the basis for the hypothesis that short fibers, i.e. shorter than 8 um in 
length may not represent a significant carcinogenic risk. However, the same investigations, 
particularly the intraperitoneal studies also demonstrated that if the dose was high enough even 
so-called “innocuous” particulates, e.g. titanium dioxide, caused the induction of peritoneal 
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mesotheliomas, albeit at a lower incidence than long fibers. Additionally, the latter studies also 
demonstrated that if even long fibers, e.g. wollastonite and some SVFs, were not carcinogenic if 
they were not biopersistent in the peritoneal cavity. There have been a few inhalation studies 
have been conducted to study the influence of the fiber length on the pathology of asbestos, and 
all have been persuasive for showing that short fibers are not carcinogenic. This has been 
demonstrated for chrysotile (Davis and Jones, 1988; Ilgren, 1998; Wagner et al., 1980), amosite 
(Davis et al., 1987; 1986) and crocidolite (Davis et al., 1978; Wagner et al., 1984). 


Other circumstantial evidence for considering fiber length as being critical to the carcinogenic 
potential of fibers is provided by the observation that amorphous silica has been shown to be 
noncarcinogenic in several inhalation studies in rats, while some types of glass fibers of similar 
chemistry have shown to have carcinogenic activity (IARC, 1987). In fact, amorphous silica has 
been used as a “negative control” in rodent inhalation studies. A final piece of evidence for the 
importance of fiber length for the carcinogenic of asbestos and SVFs is found in the hilar lymph 
nodes that drain the lungs of animals exposed via inhalation to both asbestos and SVFs. These 
lymph nodes are literally filled with macrophages containing short fibers and fiber fragments 
with no evidence of pathology or neoplastic change in either the lymph nodes or adjacent tissues. 


To summarize studies in animals of short fibers and nonfibrous particulates have shown that both 
are potentially carcinogenic if they are introduced into a confined cavity, e.g. pleural or 
peritoneal, at sufficiently high doses. But the same studies clearly show that the carcinogenic 
potential is definitely less with fibers of the same type that are longer. Inhalation studies have 
clearly shown that short fibers have not caused cancer in animals. The other part of the equation 
that needs to be considered is the influence of pulmonary clearance and biopersistence on the 
carcinogenic potential of particulates. As noted above, even long fibers are not carcinogenic in 
animals unless they are biopersistent in the animal. 


There are only a few in vitro studies that address this subject but those that have clearly show a 
relationship between fiber length and genetic damage. For example, in a study of Chinese 
hamster ovary cells (CHO) short amosite failed did not cause chromosomal aberrations while 
long fiber amosite did (Donaldson and Golyasnya, 1995). See Mossman and others for other 
studies. 


Thresholds of toxic action: There have been very few inhalation studies in animals of either 
asbestos or SVFs to assess a carcinogenic dose response. It needs to be remembered that to 
assess a carcinogenic dose response, one must have a multidose study that shows a carcinogenic 
response. Most asbestos and SVF studies were designed to address the carcinogenic potential of 
the fiber, not dose response. The only multi-dose inhalation study of asbestos used amosite in 
hamsters (McConnell et al., 1995). In that study, there was a definite dose-related response with 
regard to both nonneoplastic (macrophage response, pulmonary fibrosis, etc.) and carcinogenic 
activity (mesothelioma). Unfortunately, the potential lung cancer response could not be assessed 
because hamsters do not develop pulmonary tumors with particulates. There are a few inhalation 
studies of SVFs that address dose response. The only one that was positive for cancer involved 


E-22
 







refractory ceramic fibers in rats (Mast et al., 1995). In that study there was a clear dose response 
for both cancer and noncancer endpoints and a no-effect level. There are a few other multidose 
studies in rats using various types of SVFs, but since none showed carcinogenic activity, one can 
only evaluate the dose response for noncancer endpoints (Hesterberg et al., 1996). Again, there 
was evidence in these studies of a dose-related change in the endpoints showing recognizable 
change. The “stop-studies” in many of these inhalation studies (both asbestos and SVFs) provide 
evidence for a dose response for noncancer endpoints. However, the number of animals 
evaluated in the “stop studies” is too small to address a cancer dose response. The only study in 
primates that addresses a potential threshold of action was with chrysotile asbestos (Patek et al., 
1985). In this study, monkeys were exposed to chrysotile asbestos at an exposure level of 1 
mg/m3 (0.8 f/cc >5 um length) for 18 months. Ten months following the last exposure, lung 
biopsies were taken and evaluated for fiber burden and histopathology. There was no evidence 
of pathology although a few asbestos bodies were observed in the lung. The monkeys were then 
held unexposed for an additional ~11 years at which time they were subjected to necropsy 
examination and the lungs for histopathology examination. Again, there was no evidence of 
pulmonary pathology and the number of asbestos bodies had decreased (not reported – personal 
observation). 


In summary, the totality of available data suggests that there is a dose-response for both 
neoplastic and nonneoplastic endpoints in animals and there is a no effect level for both asbestos 
and SVFs. One attempt at deciding if a given exposure in animals is potentially carcinogenic 
involves the use of noncancer endpoints. In this scheme it was assumed that a dose that caused 
pulmonary fibrosis could also represent an exposure that was potentially carcinogenic in animals. 
This was because no animal study has ever produced cancer in the absence of fibrosis. The next 
assumption was that since no inhalation study had ever shown fibrosis in the absence of 
inflammation, one could assume that an exposure that didn’t result in inflammation would not 
reasonably be expected to be carcinogenic. The endpoint chosen for assessing inflammation was 
the presence of inflammatory cells over background in bronchoalveolar lavage (BAL) fluid after 
a 90-day inhalation exposure. Therefore, if one did not find an increase in inflammatory cells in 
BAL fluid, one could chose this exposure as a no-effect threshold. 


It is reasonable to expect that in vitro studies could shed light on the dose response of both 
asbestos and SVFs. While these types of studies are primarily designed to capture and elucidate 
specific mechanisms of toxicity and carcinogenicity, there may be insights into dose response 
that could help in establishing thresholds of effect. One such study showed that short fiber 
amosite did not cause inflammation, while long amosite did. The only draw backs to and in vitro 
approach is that these techniques do no take lung clearance phenomena into consideration and 
fibers that are not biopersistent in the lung might not be differentiated from biopersistent ones 
because of the short time frame of the in vitro studies. 
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Dr. Mossman’s Post-Meeting Comments
 


ATSDR Fibers Panel
 
Mechanisms of Short Fiber Toxicity
 


There appears to be a striking difference in the pathogenicity of respirable fibers directly related 
to fiber length, with fibers below approximately 5 microns in length being less hazardous for the 
development of cancers or pulmonary fibrosis. This prompts the questions: What are the 
observed mechanisms of long fiber toxicity?  Does composition matter?  Are short (<5 microns 
in length) fibers pathogenic? If so, what are the mechanisms of their toxicity? 


One hypothesis is that long fiber effects are related to increased generation of oxidants; reviewed 
in Kinnula, 1999; Hansen and Mossman, 1987). It has been shown that reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) are generated by asbestos fibers spontaneously in 
cell-free systems, cells in culture, and lung tissue in vivo. A primary step in response to asbestos 
fiber challenge to a number of cell types is superoxide anion release from cells which have 
attempted to phagocytize long fibers whereas short fibers are encapsulated in phagolysosomes, 
often without visible damage to cells. Superoxide, however, can be further dismutated to 
hydrogen peroxide which can generate the reactive hydroxyl radical, catalyzed by iron vs. the 
Fenton reaction. Alternatively, superoxide can react with nitric oxide to form peroxynitrite that 
is associated with inflammation and lung injury. Asbestos stimulates the release of ROS and 
induces oxidants intracellularly in both inflammatory cell types (Hansen and Mossman, 1987; 
Goodglick and Kane, 1986; 1990) and target cells (Xu et al., 2002). Moreover, indirect evidence 
for oxidant stress by asbestos is indicated by elevations of antioxidant enzymes in cells in culture 
and lung tissue after inhalation of crocidolite asbestos (Janssen et al, 1992, 1994b). In human 
mesothelial cells, these increases were not observed with exposures to polystyrene beads, or 
riebeckite, a chemically similar nonfibrous analog of crocidolite (Janssen et al., 1994b). The role 
of oxidants by crocidolite asbestos in causation of inflammation and fibrosis has been confirmed 
in rodent inhalation studies (Mossman et al., 1990), and supports the central dogma that asbestos 
fibers activate transcription factors and early response genes involved in proliferation and 
inflammation by generating ROS via “frustrated phagocytosis” (reviewed in Manning et al., 
2002). 


Several papers show that “frustrated phagocytosis” and oxidant production occur selectively in 
response to long vs. short fibers of asbestos or glass. A study of luciginen-dependent 
chemiluminescence (CL) in human monocytes found a strong correlation between superoxide 
release and fiber lengths from 6 to 20 microns. All samples of fibers except wollastonite induced 
CL release in a dose-dependent manner. Superoxide release was non-specific for the 
compositional type of fiber, and fibers with lengths below 7 microns were only weakly active. In 
studies by Blake et al. (1998), CL induction after zymosan stimulation and LDH release, a 
measure of lytic cell death, were measured in Manville Code 100 (JM-100) fiber challenged rat 
alveolar macrophages. A novel feature of this study was the use of fibers carefully sized to 
average lengths of 33, 17, 7, 4, and 3 microns. The greatest toxicity was seen with the longer 
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fibers which had multiple macrophages attached along the surface, indicating that incomplete 
phagocytosis was associated with toxicity. These studies reinforce the many experiments in the 
literature showing that long fibers are more toxic than shorter fibers in a number of cell types, 
i.e., Goodglick and Kane, 1990. 


Increased fiber length has also been linked to activation of transcription factors and cytokines. 
For example, Tumor Necrosis Factor-alpha (TNF) is a cytokine involved in inflammation and 
fibrosis. In a study by Ye et al. (1999), glass fibers with lengths of 6.5 +/- 2.7 microns and 
16.7+/-10.6 microns were used to challenge a mouse macrophage cell line. Glass fibers 
stimulated TNF production and caused Nuclear Factor-kB (NF-kB) activation, a process 
involving ROS. Long fibers were more potent than short fibers which were effectively engulfed 
by macrophages. Short fiber-induced TNF and TNF gene promoter activation was on the order of 
one-third to one-half of long fibers. In another study (Cheng et al., 1999), crocidolite asbestos 
caused parallel increases in TNF production in macrophages in a dose-dependent manner, 
without cytotoxicity at the optimum stimulating condition. Titanium oxide dust was without 
effect. TNF production may also be linked to inflammation by asbestos, and it has been shown 
that injection of long vs. short amosite fibers intraperitoneally results in inflammation and 
macrophage activation related to the proportion of long fibers (Donaldson et al., 1989). 


Another pathway leading to activation of protooncogenes (fos/jun) that comprise the Activator 
Protein-1 transcription factor is the Mitogen Activated Protein Kinase (MAPK) cascades, 
consisting of c-jun-N-terminal amino kinases (JNKs), Extracellular Signal Regulated Kinases 
(ERKs) and p38 kinases. In studies by Ye et al. (2001) using macrophages, long glass fibers were 
more potent than short fibers in activating MAPK which led to activation of c-Jun and the TNF 
promoter. Studies by Zanella et al. (1996) explored the stimulation of ERKs in mesothelial cells, 
and found increases with crocidolite and chrysotile asbestos , but not with the nonfibrous 
analogs, riebeckite or antigorite. Similarly, elevations in c-fos and c-jun expression were seen 
with asbestos fibers and erionite in mesothelial cells, but were not induced by a variety of 
particulates, MMVF-10 or RCF-1 fibers at comparable concentrations (Janssen et al., 1994a). 
Long fibers of crocidolite (> 60 microns) were selectively associated with phosphorylation of the 
Epidermal Growth Factor receptor in human mesothelial cells (Pache et al., 1997), an event not 
occurring with MMVF-10 or particles. In general, pathogenic dusts such as asbestos or silica, 
produce a variety of cytokines from cells and activate a number of transcription factors through 
ROS or RNS (Mossman and Churg, 1998; Churg et al., 2000). 


Another ramification of transcription factor activation is cell proliferation. Mechanistic studies 
using target cells in culture or tracheal explants have shown that long fibers are more toxic and 
more apt to cause cell proliferation than short fibers (Brown et al., 1986; Wright et al., 1986; 
Marsh and Mossman, 1988; Sesko and Mossman, 1989; Woodworth et al., 1983). These events 
may be coupled, as compensatory hyperplasia may result from initial epithelial cell injury. In 
studies by Woodworth et al. (1983), epithelial proliferation and squamous metaplasia were 
observed with various types of fibers including glass and attapulgite, but not with nonfibrous 
analogs of asbestos, i.e. riebeckite and antigorite and other particles. 
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An intratracheal model in rats using long (>2.5 microns) and short crocidolite asbestos after 
intratracheal instillation has yielded some mechanistic information on the differential effects of 
long vs. short fibers (Adamson and Bowden 1987a, b; 1990). These studies suggest that the 
increased fibrogenic response to long fibers may be due to selective increases in cell 
proliferation. In addition, both long and short asbestos fibers cause alveolar macrophages to 
secrete fibrogenic cytokines, but interstitial fibroblasts exposed to short asbestos fibers do not 
respond to these cytokines. 


Surfactant adsorption may be a mechanism whereby reactive particles or fibers are rendered 
inactive or nonpathogenic. To determine the effect of surfactant adsorption on chrysotile 
genotoxicity using an assay for micronucleus induction in Chinese hamster lung cells (V79) (Lu 
et al., 1994), two lengths of chrysotile fibers were used with and without pretreatment with 
DPPC, i.e. NIEHS intermediate (65%> 10 microns) and short (98% < 10 micron) fibers. The 
longer fibers were most active, and DPPC treatment diminished the activity approximately 15%. 
The maximum activity of the short fiber sample was 70% of the activity of the non-treated 
intermediate, and the DPPC-treated short fibers expressed about 45% of the activity of the 
untreated. That is, DPPC did not fully suppress the activity of the fibers, but had a much more 
pronounced effect on the short fibers. One possibility is that the partial suppression of 
genotoxicity reflects suppression of a component of toxicity by surfactant on the mineral surface. 
Thus, short fiber genotoxicity, as reported here, may reflect a combination of mineral surface 
functional groups which direct membranolytic activity and can be modulated by interactions with 
components of the pulmonary surfactant system as well as phagocytosis-associated ROS. 


In conclusion, studies summarized above show decreased or no effects of short fibers and 
nonfibrous analogs of asbestos in a number of bioassays. The effects of long glass and asbestos 
fibers may be comparable in some studies. However, the duration of these short-term assays may 
be too short to reflect important solubility changes occurring in lung over time. 
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Dr. Oberdörster’s Post-Meeting Comments 


When responding to the charge questions in Topic Area 1 (physiological fate of asbestos and 
SVF fibers less than 5 micrometers in length), Dr. Oberdörster gave a brief presentation to the 
panel. He asked that a copy of the overheads from this presentation be included in this appendix 
of the report. A copy of the overheads Dr. Oberdörster prepared for the meeting follow, including 
some overheads that were not shown at the meeting due to time constraints. 


Dr. Oberdörster also provided an additional comment not mentioned at the expert panel meeting. 
He noted that the panelists overlooked an important concept of short fiber toxicity which 
involves an increased retention in the lung of short fibers in people (e.g., smokers) who have 
disturbed alveolar macrophage mediated lung clearance. These people, he noted, can experience 
a marked increase in short fiber retention and thereby increase the potential for fiber toxicity 
significantly. Long fibers are reportedly not affected to the same degree as short fibers, as was 
described in a paper by Churg (“Effects of cigarette smoke on the clearance of short asbestos 
fibres from the lung and a comparison with the clearance of long asbestos fibres,” International 
Journal of Experimental Pathology 73(3): 287-297, 1992). 
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Airborne Fibers and Host Interactions
 


Exposure Dose Response
 
Workplace
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Ambient air 
Mechanisms 
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Lung tumor 
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Main Deposition Mechanisms of Inhaled Fibers
 


— Impaction (abrupt directional changes) 


— Sedimentation (gravitational settling) 


— Diffusion (Brownian motion) 


— Interception (long fibers) 







From: Asgharian and Yu, 1988
 







Mouth-breathing Nose-breathing 


Effective filtration of long fibers by nose 







Asgharian and Yu, 1989
 







Correlation between Geometric and Aerodynamic Diameter 

of Fibers with Different Aspect Ratios (β) 



(density = 2.7 g/cm3) 



Diameter and length determine 

aerodynamic behavior of fibers 



(C. P. Yu) 








Respirability of Inhaled Fibers
 


Deposition in Alveolar Region 


(C. P. Yu) 


Long fibers are poorly respirable in rats 







Retained Dose = Deposited Dose - Amount Cleared
 


(Retention = Deposition - Clearance)
 


Physiological Clearance Mechanisms of Deposited Fibers 


— mucociliary movement (nose; tracheobronchial region) 


— alveolar macrophages* (size limitation) 


— interstitial translocation (pleura) 


— lymphatic clearance (size limitation) 


In addition: Clearance is determined by fiber specific 

physicochemical processes 



Together, these mechanisms define the Biopersistence of a Fiber 


*normal AM-mediated clearance: 	 T1/2 rat ~70 days 
T1/2 human ~400 - 700 days 







Pathogenicity and Fiber Length:
 


The Role of Alveolar Macrophage (AM) Size
 


Hypothesis: Phagocytizable fibers 	 efficient clearance and 
prevention of target cell interaction 


Average AM Diameters: 


Rat: 10.5 – 13 µm Crapo et al., 1983; Lum et al., 1983, Stone et al., 1992; 


Human: 14 - 21 µm Sebring and Lehnert, 1992; Krombach et al., 1997 


For cancer 	 number of fibers longer than 20 µm 


For non-cancer all fibers (but: also impact for tumors!) 







Size Dependent Lymphatic Clearance of Amosite Asbestos
 


Study: Intrabronchial instillation of amosite in dogs, followed by 



Analysis of mediastinal lymph node and of lymph collected from 

Right Lymph Duct 


Lymph node 


Post-nodal lymph 


Max. Diameter 


0.5 µm 


0.5 µm 


Max. Length 


16 µm 


9 µm 


(Oberdörster et al., 1988)
 







Physiological Clearance Fiber Physicochemical
Processes Biopersistence Processes 


Translocation 


Larynx 
Interstitium Dose, dimension, cytotoxicity
 
Pleura 


Biodurability: dissolution; 
leaching, breaking, splitting 


(intra-, extra-cellular) 


No Species 
Differences(?) 


Retention T 1/2
 
Species Differences
 


Biopersistence = Biodurability + Physiological Clearance
 


(Oberdörster, 1996) 











mbrell, Inhaled Particles V, 1982 







mbrell, Inhaled Particles V, 1982 







Gelzleichter et al., 1996 







From: Timbrell et al., 
 
Inhaled Particles VI, 
 
1988 








From: Timbrell et al., 
 
Inhaled Particles VI, 
 
1988
 







From: Timbrell et al., 
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Long fibers have greater 
tumorigenic potential 







Mixed Dust Exposures in Rats (Davis et al., 1991)
 


Chrysotile or amosite (10 mg/m3) plus TiO2 (10 mg/m3) or quartz (2 mg/m3),
 
1-year rat inhalation study plus 2-year observation period
 


Fiber 
retention 
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Lung 
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Mesothelioma Survival 
rate 


Chrysotile + TiO2 ? a 


Amosite + TiO2 


Chrysotile + quartz ? a,b 


Amosite + quartz b 


no change; increased; decreased; (compared to asbestos alone) 
(predicted lung burden of TiO2 in “overload” range, ~10 mg/lung) 


a = no mesothelioma with chrysotile alone 
b = greater effect of added quartz than of added TiO2 







Fractional Deposition of Inhaled Particles in the Human Respiratory Tract 
(ICRP Model, 1994; Nose Breathing) 


1.0 TOTAL 


0.8 



NPL 



0.6 A 


0.4 


TB 
0.2 


0.0 



0.0001 



Diameter (µm) 
A = Alveolar; TB = Tracheobronchial; NPL = Nasal, Pharyngeal, Laryngeal
 


%
 R


eg
io


na
l D


ep
os


iti
on



 


0.001 0.01 0.1 1 10 100 












Mechanisms of Fiber Carcinogenesis
 
(Kane, 1996) 


1. Fibers generate free radicals that damage DNA 


— direct generation of ROS and damage of DNA in cell free system 


— catalyse oxidation of PAH to free radical 


— activate phagocytes to release ROS (esp. long fibers) 


2. Fibers interfere physically with mitosis 
—	 in vitro studies (high doses!), phagocytosis by target cells, interference of long fibers with



mitotic spindle and chromosome migration 



3. Fibers stimulate proliferation of target cells 
— compensatory cell proliferation 


— stimulation of intracellular signal transduction pathways 


— direct mitogenesis (proto-oncogene expression) 


— induction of growth factors and growth factor receptor expression 


4. Fibers provoke chronic inflammation and release of ROS, cytokines, and growth factors 
— tissue injury, cell proliferation, inflammatory cells (neutrophils) 


— link between sustained inflammation, fibrosis, cancer? 


5. Fibers act as co-carcinogens or carriers of chemical carcinogens to target cells 


— synergism between cigarette smoke and asbestos exposure 


— interaction between fibrosis and non-fibrous dusts 







Dr. Wallace’s Post-Meeting Comments 



Health Effects of Asbestos and Synthetic Vitreous Fibers: 

The Influence of Fiber Length 



I participated in the Agency for Toxic Substances and Disease Registry (ATSDR) expert panel 
on “Health Effects of Asbestos and Synthetic Vitreous Fibers: The Influence of Fiber Length”, 
held in New York City on October 29-30, 2002. I limited my comments to one of the topics 
which ATSDR requested that the panel consider: “Topic #2: Health Effects of Asbestos and 
Vitreous Fibers less than 5 micrometers in length.” My research background has involved some 
studies of the surface properties and associated toxicities of respirable silica and silicate 
particulate dusts, which may have some indirect relevance to one of the questions asked of the 
panel under Topic #2, specifically: “Do the mechanisms of action of other materials (e.g., larger 
asbestos fibers, silicates, mineral dusts, amorphous silica) with potentially similar compositions 
aid in understanding small-fiber mechanisms of action?” 


Dr. Ralph Zumwalde of NIOSH, who has an extensive background in the epidemiology of fiber-
associated diseases, attended the proceedings as an observer and contributed information and 
recommendations concerning the availability of data and the analyses of epidemiology studies of 
occupational exposures to fibers. 


In this review and revision of my comments on the panel, I also comment on the question: “Is 
there indirect evidence for less-than-5 micron fiber induced adverse health effects?” because of 
its association with the question of mechanism and because of some reports of inverse 
correlations of fiber length with fibrosis seen in asbestos workers’ lungs. 


As discussed in the following review, my evaluation of information presented and commentary 
made by and to the panel is that there is a need for focused and short-term research on short fiber 
hazard; and that there are new opportunities for the design of that research. 


Question:	 Do the mechanisms of action of other materials (e.g., larger asbestos fibers, 
silicates, mineral dusts, amorphous silica) with potentially similar 
compositions aid in understanding small-fiber mechanisms of action? 


A. Some lessons from non-fibrous particulate studies 


1. Non-fibrous crystalline silica is cytotoxic, fibrogenic and carcinogenic. 


Respirable crystalline silica particles, which are non-fibrous by any definition, are strongly 
pathogenic for fibrotic lung disease, and IARC, the US EPA, and others have recently evaluated 
quartz and cristobalite, two crystalline silica polymorphs, to be carcinogenic (1). 
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Exposure to these crystalline silica dusts can directly damage cells. Research suggests that 
consequent to this damage, there can be intrarcellular generation of reactive oxygen species and a 
cascade of events similar to the those evoked by asbestos fiber (2,3). As depicted by Dr. 
Mossman and others, that sequence may lead to the synthesis and release of TNF-alpha or other 
cytokines which stimulate near-by fibroblasts to proliferate and to up-regulate their synthesis and 
secretion of procollagen into the extracellular space of the pulmonary interstitium. There the 
procollagen matures into one or several forms of collagen fibers causing simple or progressive 
lung fibrosis. 


The initial damage by quartz dust and by cristobalite dust to cells in vitro has been shown to be 
associated with the presence of silanols, hydroxyl groups on the crystalline silica surface. 
Bolasitis et al. (4,5) showed that calcining, e.g., heating, quartz resulted in the loss of surface 
silanols and a parallel loss of direct membranolytic cell damaging activity. As the dust aged in 
normal humidity air, the silanols re-formed on the surface over a period of days, and toxicity was 
restored parallel to that restoration. Saffiotti et al. (6) observed similar behavior with cristobalite. 
In some circumstances, e.g., sand-blasting occupational exposures, highly reactive free radical 
species are formed on the freshly broken crystalline silica surface; these exhibit heightened 
toxicity to cells in vitro in the absence of materials which can react to quench that activity, and 
may provide a additional mechanism of heightened toxicity (7). 


2. Mineral-specific fibrogenicity: Short-term in vitro bioassays for mineral particles do not work 


Some silicate dusts are cytotoxic in vitro but are not strongly pathogenic in vivo. Clays, layered 
alumino-silicates, are not associated with strong fibrogenic activity in human workplace 
exposures or in animal model exposure studies (8). In particular, respirable-sized kaolin clay 
dust, perhaps the structurally simplest alumino-silicate clay, is comparable to respirable-sized 
quartz dust for in vitro cytotoxicity (9) as measured by short term assays of cell damage, e.g., 
membranolysis, cytosolic or lysosomal enzyme release, or dye-exclusion measures of cell 
viability. Therefore, direct short-term in vitro cellular assays do not distinguish the distinct in 
vivo fibrogenic potentials of quartz versus kaolin clay dusts. Because of this, the general 
prevalence of clays in many mixed dust exposures prevents the use of short-term in vitro 
cytotoxicity systems to predict dust hazard. 


3. The first events in particle or fiber interaction with the deep lung surface: 


An important but generally ignored component for physiologically-representative in vitro 
bioassays: 


a. The environmental interface of the deep lung is surfactant-coated 


Particles or fibers depositing in the deep lung respiratory bronchioles or pulmonary alveoli will 
first contact the aqueous “hypophase” lining on the terminal airway and airsac surfaces. This thin 
layer is coated at the air-liquid interface with surfactant which acts to reduce the surface tension 
and physically stabilize the airspaces (10). The hypophase layer is also rich with micellar 
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dispersion of surfactant. The surfactant is comprised principally of lipids and lipoproteins. The 
major constituents are phospholipids: diacyl phosphatidylcholines. Dipalmitoyl phosphatidyl 
choline (DPPC) dispersed in physiological saline provides perhaps the simplest model of lung 
surfactant, representing the major surfactant constituent and generally reproducing the surface 
tension-lowering characteristics of full lung surfactant. 


b. toxic particles adsorb surfactant and are promptly neutralized 


Both quartz and kaolin clay dust particles promptly adsorb DPPC surfactant from dispersion in 
physiological saline; this immediately coats the particle surfaces and prophylactically 
extinguishes their short-term cytotoxicity (12). The amounts of surfactant in the alveolar 
hypophase compared to the surface areas of respirable mineral dusts and their adsorption 
isotherms for DPPC suggest that there is adequate surfactant in the lung to coat and neutralize 
depositing particles even in most high dust exposures (13). 


c. Restoration of particle toxicity and a possible basis for mineral-specific fibrogenicity 


Subsequent to the suppression by pulmonary surfactant of otherwise prompt cytotoxic activity, 
the surfactant-coated particles can be phagocytized by macrophages and subjected to 
phagolysosomal enzymatic digestion (14). Cell-free experiments have correlated the digestive 
removal of DPPC from quartz and kaolin particle surfaces by phospholipase A2 enzyme with the 
restoration of membranolytic activity. In cell-free tests using pH -neutral acting phospholipase 
A2 and in limited in vitro/in vivo tests, quartz is stripped of surfactant significantly more rapidly 
that kaolin(15). Cellular in vitro studies have found that macrophage-like cells in vitro digest 
quartz- and kaolin-adsorbed DPPC at comparable rates over a period of about 7 to 10 days with 
initial partial restoration starting at 3 to 5 days (16). It has not been demonstrated that this de
toxification/re-toxification process is the mechanism distinguishing quartz and alumino-silicate 
expression of toxicity in vivo. 


4. Site of particulate-induced fibrogenic activity 


Churg et al. (17) briefly discuss the principal site of asbestos activity, noting the alveolar 
macrophage is commonly regarded as the crucial effector cell. This is the background 
assumption also for most experiments on the cytotoxic and fibrosis-associated activity of 
crystalline silica dusts. However, Adamson, referenced by Churg et al. in a different context, has 
published a suite of studies which make a case that it is interactions of silica particles with 
interstitial cells which control the stimulation of exacerbated collagen synthesis by pulmonary 
fibroblasts, and that the macrophage is responsible for only an inflammatory response evoking 
neutrophil influx to the alveolus but not tied to explicit fibrosis(18). While the mechanism of 
initial cell damage or stimulation may differ between silica or silicates and fibers, e.g., ROS from 
a “frustrated” phagocytosis mechanism for asbestos and surface silanol hydroxyl membranolysis 
by quartz or clay, a parallel analysis to Adamson’s silica study  findings might be considered in 
researching the site of asbestos action for fibrosis. 
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5. Possible interferences in short-term bioassays 


Oberdörster and others (19) have found that the conventional protocol for extended-term in vitro 
cellular assays may inadvertently cause a non-physiologic surface conditioning of mineral 
particles which significantly affects assay results. The use of fetal bovine serum can confer a 
prophylaxis on silica and perhaps on kaolin (20), probably due to the mineral surface adsorption 
of lipo-proteins from the FBS. That may not represent a physiological situation in the intact lung 
in vivo and may interfere with attempts to model the condition of particle surfaces upon 
deposition in the lung and resultant effects on their expression of toxicity in vivo. For purposes 
of in vitro investigation of fiber or particle toxicity, this interference might be circumvented, e.g., 
by excluding serum from the medium during a short-term period for particle or fiber challenge. 


6. Environmental conditioning of particle surfaces can affect their in vivo pathogenic activity 


Even animal model in vivo tests can fail to be predictive in the case of a cytotoxic and fibrogenic 
mineral in mixed composition dusts, e.g., quartz particles in workplace dusts: conventional 
mineralogical and cytotoxicity assays may not correlate with short-or intermediate-term in vivo 
fibrogenic response. Alumino-silicate surface contamination of quartz particle surfaces can delay 
for months or perhaps years the expression of fibrogenic activity. Aluminosilicate or other 
mineral occlusion of the underlying host particle can alter the expression of toxicity in vivo 
during the bio-persistence of the surface contamination. This has been seen worldwide in 
anomalies in the fibrogenicity of coal mine dust exposures (21). This was clearly demonstrated 
by LeBouffant et al. (22) by in vitro and in vivo studies of the fibrogenicity of silica in coal mine 
dusts and in natural lightly contaminated sands. More recently, new spectroscopic surface 
analysis methods have demonstrated natural clay occlusion of quartz dusts from some workplace 
where epidemiology studies had detailed anomalies in disease risk correlation with conventional 
measures of dust exposure (23). 


B. Fibrous mineral and crystalline silica particle differences and similarities 


1. Mechanisms of toxicity for fibrous and non-fibrous materials 


a. Conventional assays do not clarify the bases of asbestos or silica particle toxicity 


Churg et al. (17) review highlights and caveats to the general models of asbestos activity. Some 
fibers can evoke the responses from ROS generation through the cascade to increased expression 
of TNF-alpha, but have not been shown to induce fibrosis. And asbestos produces fibrosis in 
some systems without increasing TNF-alpha expression. Chrysotile contains little iron but is 
fibrogenic, albeit not a potent as amphibole. Churg et al. suggest a comparison of asbestos and 
silica-induced fibrosis data. Their paper compares the generation of ROS, RNS, and activation 
of NF-kB and AP-1, and increased production of TNF-alpha and other factors and find the dusts 
to be indistinguishable. In the face of this, asbestosis and silicosis differ in histopathological 
appearance: asbestosis is a diffuse fibrosis and silicosis is in localized nodules. Their conclusion 
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is that the tabulated responses fail to explain comprehensively how asbestosis or silicosis 
develop. 


b. Surfactant does not fully suppress all asbestos fiber in vitro cytotoxicity 


Asbsetos fiber as well as particulate silicate can adsorb the DPPC and components of pulmonary 
surfactant (24). We have briefly researched the effect of surfactant adsorption on chrysotile in 
vitro genotoxicity, using an assay for micronucleus induction in cultured Chinese hamster lung 
cells (V79 cells) (25): in our test of two chrysotile asbestos fiber samples, pre-treatment with 
DPPC in physiological saline surrogate lung surfactant did not fully suppress a short-term toxic 
activity to cells in vitro. NIEHS intermediate length chrysotile asbestos fiber (average 101 
micrometer length, 65% > 10 micron) and NIEHS short chrysotile asbestos fiber (average 11.6 
micron, 98% < 10 micron) were tested for micronucleus induction in V79 macrophage-derived 
cells for 72 hour challenge +/- DPPC surfactant pre-treatment of the fibers. For the longer fiber 
sample, DPPC did not significantly affect the activity, a numerical reduction of about 20% in the 
activity was observed but was not statistically significant. However, DPPC treatment reduced 
the shorter-length fiber sample activity significantly, to about half that of the untreated shorter 
fiber sample. Similar effects were seen for multi-nuclei induction and for dye-exclusion viability 
measure for cell toxicity. No activity was seen for either sample in a sister chromatid exchange 
assay. 


c. A surface modification which did not affect long asbestos fiber toxicity in vitro 


We also attempted to see if a significant surface modification of chrysotile without a significant 
modification of fiber size would affect in vitro genotoxic activity (26). The NIEHS intermediate 
length chrysotile asbestos fiber used above was mildly acid leached to remove near-surface 
magnesium, but to retain fiber length. The treatment resulted in a 20% reduction in fiber length 
in each of three length categories: <3 micron, 3-10 micron, > 10 micron. Spectroscopic surface 
analysis and zeta-potential measurements showed significant reduction in surface-associated 
magnesium and in its influence on surface chemistry. However there was no significant change 
in measured activity for micronucleus induction between the treated and non-treated fibers. 


d. Is there more than one mechanism of fiber cytotoxicity?  Do short fibers also act as 
particles? 


One interpretation of these two experiments is this: at least two mechanisms are involved in the 
initial damage or interaction of fibrous particles with the lung: a component which is at least 
transiently suppressed by surfactant conditioning which significantly contributes to shorter fiber 
activity, and a component which is not suppressed by surfactant conditioning, and which is not 
affected by one significant modification of surface composition and chemistry, and which is the 
principal mechanism for longer fibers. That is, a model which suggests itself is the combination 
of the frequently discussed “frustrated phagocytosis” mechanism for longer fibers, e.g., those 
which are too long to be fully phagocytized and internalized by the cell target, and a surface 
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property-mediated toxicity mechanism for internalized particles or short fibers, i.e., fibers which 
are internalized and subjected to conventional phagolysosomal processes. 


One possible consequence of “frustrated phagocytosis” of longer fibers is that the partially 
invaginated fiber stimulates the cell to release superoxide in a manner related to the respiratory 
burst upon normal phagocytosis, or that superoxide is produced by the cell in response to an 
autolytic effect of enzymes or other lysosomal or cytosolic agents released into the annular 
invagination of the fiber. The superoxide is then in close approximation with reactive iron 
species on the fiber surface in or extending beyond the partially invaginated fiber to create 
hydroxyl radical for strongly toxic effects at the cell or neighboring cells. The paper by M 
Ohyama et al. (27) provided to the panel presents a difficult argument against frustrated 
phagocytosis: The study used luciginen-dependent chemiluminescence (CL) induced in vitro 
over a short (2 hour) period, and found a strong correlation of response indicative of superoxide 
release with fiber length 6 to 20 um. All samples except wollastonite induced CL response in a 
dose-dependent manner. Superoxide release was non-specific for compositional type of fiber. 
The four fibers with lengths below 7 um were only weakly active. Longer fiber activity 
correlated with length. 


Research on the surfactant suppression and subsequent lysosomal enzymatic restoration of 
mineral particle cytotoxicity within a cell, suggests that short fibers which are fully taken into the 
cell in a phagosome may express, in part, a cytotoxicity within the cell after removal of adsorbed 
prophylactic surfactant. That is, some part of short fiber toxicity may be related to the mineral 
surface-specific mechanism of non-fibrous particulate toxicity. 


Those do not exhaust the possible mechanisms for long or short fiber damage to cells. Asbestos 
fiber penetrating the cell or cell nucleus may exercise modes of direct genetic or epigenetic 
damage. In our above study of surfactant effects on chrysotile genotoxicity in vitro, a limited 
investigation using immunofluorescent kinetochore staining indicated that both clastogenic and 
aneuploidogenic effects were associated in similar proportion with the observed micronucleus 
induction. That is, fibers may directly or indirectly interact with the spindle mechanism involved 
in chromosomal separation during cell division. During mitosis, the nuclear membrane 
disintegrates, possibly providing intracellular fibers access to the genetic material or kinetochores 
and spindle apparatus. 


2. Intracellular response to fiber challenge 


a. Long fiber challenge 


Whatever the mechanisms of direct fiber damage or stimulation of the cell surface, some 
components of the consequent intracellular response have been well-defined. Mossman and 
others have detailed the cascade of events following fiber challenge to pulmonary macrophages 
or perhaps to other cells. A recent review (3) explicates the central dogma that damage to or 
stimulation of the cell by fibers is followed by an increase in intracellular reactive oxygen species 
which trigger a cascade of transcription factor activation leading to the up-regulated production 
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and release of TNF-alpha or other cytokines. This also was recently the subject of a NIOSH 
study by Cheng et al. (28) in which crocidolite with a median fiber length of 11.5 um challenged 
lavaged rat AM in FBS-containing medium for 1 to 24 h.. Crocidolite caused parallel increases in 
TNF-alpha production and NF-kB activation.in a dose-dependent manner. A titanium oxide 
control dust had no stimulatory effect on TNF-a secretion. The report by V Kinnula which was 
provided to the panel (29) reviews the possible roles of reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) generated by asbestos fiber in cell-free and cellular and tissue 
systems. A primary step in response to asbestos “long” fiber challenge of cells is agreed to be 
superoxide anion release in cells which have attempted to phagocytize fibers. This superoxide 
can further be dismutated to hydrogen peroxide, which can generate hydroxyl radical, catalyzed 
by iron via the Fenton reaction. That hydroxyl radical is extremely toxic and reactive, but 
therefore short-lived. There is some contention that fibers stimulate the release of ROS from 
inflammatory cells and not target cells. However, asbestos fiber can generate ROS 
spontaneously in cell-free systems. This fiber-prompted production and release of TNF-alpha 
can stimulate nearby pulmonary fibroblasts to proliferate and increase pro-collagen synthesis, 
which is released extra-cellularly to mature into collagen scarring. 


b. Intracellular response to challenge by well-classified shorter fibers and particles 


Dr. Baron of NIOSH has been developing a fiber size classifier (separator) which can permit in
 
vitro or perhaps limited in vivo experiments with sets of fibers of fairly well-defined length (30). 
 
A dielectrophoretic classifier can separate fibers from an airstream producing about 1 mg/day of
 
a size cut. These classes of JM-100 glass fibers were recently produced for in vitro toxicology
 
study: 
 


cut 1: Length = 32.7 micrometer +/- 23.5 SD; Width = 0.75 micrometer +/- 0.50 micrometer
 
cut 2: L = 16.7 u +/- 10.6 u; W = 0.49 u +/- 0.27 u
 
cut 3: L = 6.5 u +/- 2.7 u; W = 0.44 u +/- 0.22 u
 
cut 4: L = 4.3 u +/- 1.0 u; W = 0.40 +/- 0.15 u
 
cut 5: L = 3.0 u +/- 1.0 u; W = 0.35 u +/- 0.14 u
 


In recent NIOSH studies by Dr. Castranova and colleagues, these samples were used in a
 
comparison of “long” and “short” fiber cytotoxicity and of induction of the cytokine cascade in
 
vitro: Blake et al. (31) used 18 hour challenge of rat alveolar macrophages in vitro and the
 
lactate dehydrogenase (LDH) release assay, the 17 micrometer sample expressed about 2 X the
 
activity of the shorter samples (and also 2X the activity of the 33 micrometer longer sample) on a
 
mass basis. However, all samples were active well above control levels. The 7 micrometer fiber
 
set had about 8 X more fibers per gram than the 17 micrometer set, or about 3 X the linear
 
surface area. Thus, the 17 micrometer long fibers were on the order of 6 or 7 X more cytotoxic
 
than the shorter 7 micrometer fibers on a linear surface basis. Similar effects were seen with an
 
assay using chemiluminescent response to zymosan challenge. And multiple macrophages were
 
seen attached along the length of the long fibers, suggesting “frustrated” or incomplete
 
phagocytosis was occurring for longer fibers.
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J Ye et al.(32) challenged a mouse macrophage cell line with the 7 and with the 17 um glass fiber 
cuts, for 3, 6, and 16 h. Glass fibers stimulated TNF-alpha production, activation of TNF-alpha 
gene promoter activity, and activation of DNA binding activity of nuclear factor (NF)-kB. 
Reactive oxygen species (ROS) were involved in the activation and production. Dose was set at 
5 fibers per cell; by that metric the longer fibers were more potent than short fibers by a factor of 
about 3. However, on a basis of length of fiber exposed to the cell or surface area, the activities 
were about equal for the long and short fibers. As seen in photomicrographs, short fibers but not 
long fibers were effectively engulfed by macrophages. In a subsequent study by Ye et al. (33) it 
was found that the long fibers were more potent than short fibers at the same dose of 5 fibers/cell 
in activating MAP kinases which activate transcription factor c-Jun which acts on the TNF-a 
gene promoter through the cyclic AMP response element and the AP-1 binding site. Again, the 
activities were comparable for long and short fibers on the basis of exposed fiber length or 
surface area. 


Question:	 Is there indirect evidence for less-than-5 micron fiber induced adverse health 
effects? 


A. Human studies 


1. Churg et al. (34) found the grade of interstitial fibrosis asbestosis in the lungs of a group of 
chrysotile miners and millers to be directly proportional to tremolite or chrysotile fiber 
concentrations, but inversely proportional to mean fiber length and length-related parameters. 
Churg et al., (35) graded fibrosis in the lungs of some shipyard and insulation workers, finding 
fibrosis grade to be strongly positively correlated with amosite concentration and negatively 
correlated with mean fiber size parameters including fiber length; they suggested “...these 
observations again raise the possibility that short fibers may be more important than is commonly 
believed in the genesis of fibrosis in man.” In a study of chrysotile miners and millers, Churg, et 
al., found pleural plaques were strongly associated with mean tremolite fiber aspect ratio, but no 
differences in mean fiber size, including length, were seen for any other disease studied 
(mesothelioma, airway fibrosis, asbestosis, or carcinoma) (36). One member brought to the 
panel’s attention a recent publication (37) analyzing fibers in lung tissue from two groups of 
former chrysotile miners and millers: the study concluded that “...fiber dimension does not seem 
to be a factor that accounts for the difference in incidence of respiratory disease between the two 
groups”. It has been generally speculated that shorter fibers in lung tissue may be the residue of 
fibers which were longer when deposited, and disease initiation was due to the originally long 
fibers, which were subjected to subsequent in vivo dissolution or degradation into the observed 
short fibers (17). This appears to be one plausible explanation of the inverse correlations reported 
between fibrosis and fiber length in human lungs. But this does not limit the research opportunity 
or imperative, provided by the seemingly anomalous or “counter-intuitive” results, to address 
possible short fiber-associated disease mechanisms. 


2. A possible “short fiber” exposure cohort. Dr. Zumwalde of NIOSH suggested to the panel that 
a past NIOSH study of 2,302 workers at an attapulgite mining and milling facility (38) may have 
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involved exposures, in part, to short mineral fibers. A significant deficit of mortality (SMR = 43, 
90% CI 23-76) from nonmalignant respiratory disease (NMRD) was observed for the cohort; but 
a statistically significant excess of mortality from lung cancer was observed among whites (SMR 
= 193, 90% CI 121-293), but a deficit occurred among nonwhites (SMR = 53, 90% CI 21-112). 
This may present an opportunity for review and re-analysis and a source for collection of 
materials for study. NIOSH also is re-analyzing archived materials available from a past study of 
asbestos workers in South Carolina. 


Question: Are short fibers pathogenic? What should we do? 


1. Review of in vitro toxicology 


For non-fibrous particles: 
- Non-fibrous mineral particles can be cytotoxic, fibrogenic, and carcinogenic. 
- That pathogenicity is mineral-specific. 
- Surface characteristics may delay expression of that pathogenic activity in vivo. 
- That pathogenicity is not necessarily reflected in short-term in vitro cytotoxicity assays. 
- The first interaction of particles depositing in the deep lung, namely, adsorption of the lung 
lining surfactant, strongly affects mineral particle prompt toxicity. 
- The bio-persistence of that surfactant prophylaxis may be a critical factor in the timing and 
severity of mineral particle expression of toxicity. 
- After expression of the primary toxic event in particle challenge to cells, the intracellular 
response may be much similar to the cascade induced by asbestos or fiber challenge: leading to 
the induction of pathogenic, e.g., fibrogenic activity by nearby cells. 


For fibrous particles: 
- Many studies have found an association of pulmonary fibrosis, cancer, and mesothelioma with 

occupational exposures to long fibers, e.g., fibers with length greater than the dimensions of the 

target cells. 

- Long fibers clearly are cytotoxic in vitro. 

- Long fiber cytotoxicity and the initiation of pathogenic processes are generally considered to be 

resultant from a “frustrated phagocytosis” mechanism. 

- Some studies of fiber burden and disease in tissue from asbestos workers have shown an 

inverse correlation of disease with fiber length. 

- Those disease-correlated shorter fibers appear in some of the cases to be mineral specific, e.g., 

associated with contaminant amphibole more than with seprentine asbestos. 

- Limited in vitro study data suggest that shorter fibers may have a component of cytotoxicity 

which is surface associated, perhaps independent of a “frustrated phagocytosis” mechanism 

involved in long fiber toxicity. 

- In short term in vitro assays, well-controlled for fiber length, shorter glass fibers can cause 

intracellular events comparable on a fiber or surface basis to those associated with longer fiber 

challenge and with asbestos fiber challenge. 
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2. Interpretability of short-term in vitro assays 


The ability to interpret many in vitro experiments on particle of fiber toxicity is complicated by 
the lack of modeling of initial conditioning of particles in the lung and the time course of 
expression of toxicity in vivo. Surfactant adsorption in the lung can dramatically alter the short-
term in vitro toxicities of mineral particles, and may determine if toxicity is expressed in times 
long or short compared to clearance. 


This surfactant effect and associated delay in toxicity expression does not appear to be a factor 
for long fiber asbestos expression of in vitro toxicity. Whether this is a factor for short fibers is 
unknown. That is, if short fibers have a component of toxicity independent of a “frustrated 
phagocytosis” mechanism but dependent on a surface-property mechanism then such 
conditioning and time delays in expression of toxicity could be critical in the design of 
experiments for the detection and analysis of short fiber toxicity by in vitro or short-term in vivo 
assay. 


3. Research opportunities 


a. The ability to collect milligram quantities of well-classified (sized) small fibers presents the 
opportunity to do carefully size-controlled in vitro studies and possibly some (more limited) in 
vivo studies, e.g., by nose-only inhalation or tracheal instillation. 


b. Epidemiology study results suggest types of fibers which should be compared and contrasted 
in such experiments, e.g., short tremolite vs. short chrysotile. 


c. A review of epidemiological studies of attapulgite or other short fiber exposures may provide 
an identification of other short fiber asbestos and non-asbestos materials for toxicological study 
for which human disease epidemiology information is available for comparison. 


d. Preceding the initiation of new toxicology studies, a review of past in vitro studies might 
identify the controls for surface conditioning of the test fibers: were effects of lung conditioning 
modeled, or were non-physiologic effects of medium adsorbates possible in past studies? 


e. So-designed in vitro toxicology studies of classified short fibrous materials which have known 
positive or negative correlations with pathology could be attempted to determine if there is a 
short fiber toxicity with a reasonable potential to initiate disease in vivo, and if that potential is 
dependent on fiber mineral type or surface property or morphology. 


f. A similar review of short-term in vivo studies might help the design of methods of challenge 
and time course for tests of materials selected from the in vitro study results. 


g. Results of the in vitro and in vivo studies would suggest if useful application could be made to 
dusts of current concern, e.g., Libby vermiculite or World Trade Center disaster-associated dusts. 
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Asian context Information about health hazards of flock and refractory ceramic fibers, and
determinants of fiber toxicity will be helpful to select asbestos substitutes or conduct
related research.

Critical appraisal This evidence package includes very useful information. Fiber-induced diseases are
presented with detailed cases and many valuable references.

Unique keywords

Introduction

Abstract Background: The Respiratory Diseases Research Program (RDRP) is the
broad range of individuals and groups supported by NIOSH to do work that is
relevant to occupational respiratory disease. The National Academies was
asked to evaluate what NIOSH research programs are producing and to
determine the extent to which NIOSH research is responsible for changes in
the workplace that reduce the risk of occupational injuries, illnesses, and
deaths.

Objective: The evidence package introduces approach, outputs,
intermediated outcomes, and progress towards end outcomes of RDRP
about some issues concerning fiber-induced diseases (1. occupational
hazard associated with asbestiform fibers contaminating vermiculite from a
mine in Montana, 2. identification and control of a newly recognized
occupational lung disease affecting flock workers, 3. occupational exposure
to refractory ceramic fibers, and 4. determinants of fiber toxicity).
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3.3 Fiber-Induced Diseases
 3.2g) RDRP Publications of Special Note Relating to Silica-Induced Disease | 3.3a) 


Reduce Occupational Hazard Associated with Asbestiform Fibers Contaminating 
Vermiculite from a Mine in Montana  


Most respirable particles deposited in the alveolar region of the lung are cleared by 


scavenging alveolar macrophages that phagocytose particles and transport them out of 


the lung, mainly via the mucociliary “escalator” lining the airways. Particles that are 


fibrous (i.e., length>>diameter) present a special clearance challenge. When inhaled, 


fibers tend to line up with the air stream in the airways, and their effective aerodynamic 


diameter much more closely approximates particle diameter than length. Thus, even 


relatively long fibers can be deposited in the alveolar regions if their diameter is small 


enough. Faced with the challenge of removing long fibers that exceed their physical 


capacity, macrophages engage in “frustrated” phagocytosis, spilling digestive enzymes 


and other cellular contents into the alveolar space and initiating pathophysiologic 


processes that lead to disease (inflammation, fibrosis, and malignancy). It follows that 


several major fiber characteristics that determine fiber toxicity are dose, dimension, and 


durability. Highly durable respirable fibers with relatively long length would be expected 


to be more toxic than short and less durable respirable fibers, all else being equal. 


Fibers of occupational health interest can be classified as mineral or organic, and as 


natural or synthetic. Asbestos (including the six types that have been used 


commercially: actinolite, amosite, anthophyllite, chrysotile, crocidolite, tremolite) is 


perhaps the most notorious natural mineral fiber. Some other natural mineral fibers that 


closely resemble commercial asbestos are equally hazardous (e.g. some of the 


amphibole fibers that contaminate vermiculite ore once mined in Libby, Montana). 


Other natural mineral fibers (i.e., fibrous talc, wollastonite, attapulgite, and mordenite 


fibers) differ considerably from commercial asbestos and appear to be associated with 


substantially less toxicity. Synthetic vitreous fibers, including Refractory Ceramic Fibers 


(RCFs), are increasingly used as asbestos substitutes and can be hazardous, 


especially if they are highly durable and have the proper dimensional characteristics. 


Evolving technologies allow commercial production of RCFs with specified dimensions 


and durability; some are highly durable. Fibrous glass and mineral wool are examples 


of less durable synthetic vitreous fibers. Modern methods of producing and processing 


synthetic organic fibers (e.g. nylon, rayon, polyester, etc.) pose increased potential for 


creating respirable fiber hazards encountered by workers, and durability of these fibers 


varies depending on the material. Engineering controls methods are available to reduce 


exposures, and there is a need to recognize the hazard and to adopt appropriate 


control measures (e.g. for nylon flock-associated respiratory fibers and RCFs). 


Estimates of the total number of workers potentially exposed to all types of respirable 


fibers have not been made. However, summing available estimates for several types of 


fibers (asbestos, fibrous talc, fibrous glass, wollastonite and attapulgite fibers, and 


RCFs), nearly four million workers may be at risk (A3-85).77,78 Asbestosis is the 


prototypical fiber-induced interstitial lung disease. This chronic lung disease is 


characterized by interstitial inflammation and subsequent scarring, leading to 


radiographic and functional abnormalities that can be disabling and fatal. Affected 


occupational groups largely reflect the historical major end user industries: 


shipbuilding/repair, construction materials, and other friction and insulation applications. 


But, because asbestos has been used in several thousand products with a myriad of 


uses, risk has been widespread and, as recently as the 1980s, NIOSH estimated that 


1,500,000 workers remained at risk for asbestosis.79 National death data distinguish 


asbestosis as the only major pneumoconiosis for which mortality is increasing in the 


U.S., from fewer than 100 deaths in 1968 to nearly 1500 in 2002, due in part to long 
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latency between exposure and disease and perhaps also to improved recognition and 


diagnosis. However, OSHA and MSHA asbestos sampling data indicate substantial 


declines in exposure for manufacturing, construction, and mining over the past two 


decades.80 According to a RAND Corporation study, $54 billion had been paid out in 


asbestos-illness cases as of 2002 and as many as 2.4 million claims could be filed, 


costing businesses about $210 billion more.81


Fiber-induced interstitial fibrosis would alone warrant substantial research and 


preventive effort, but occupational exposures to asbestos and  related fibers also cause 


sometimes debilitating non-malignant disease of the pleura (the membrane of tissue 


that lines the chest cavity) and highly fatal malignant diseases, including lung cancer 


and mesothelioma, a cancer of the pleura and other similar tissues. A poorly 


understood process of transmigration moves fibers to these locations, distant from 


where they initially deposit in the lungs.


When NIOSH was established, asbestos-related occupational disease was already of 


major concern. In fact, the very first NIOSH Criteria Document was “Criteria for a 


Recommended Standard: Occupational Exposure to Asbestos” published in 1972 (and 


later revised in 1977). This criteria document played an important role in moving OSHA 


and MSHA to establish more protective occupational PELs for asbestos. In turn, these 


standards relied on sampling and analysis methods for assessing asbestos (and other 


fiber) exposures, developed by NIOSH and published as part of NMAM (chapter 12).


Subsequent concerns relating to fiber-induced lung disease have come to the attention 


of RDRP in a variety of ways. Over the past decade, these include: an increasing use 


of asbestos substitutes that pose their own occupational health risks (e.g. refractory 


ceramic fiber and carbon nanotubes); request for technical assistance from OSHA (e.g. 


asbestos-contaminated vermiculite); requests for HHEs (e.g. respirable nylon fibers in 


flock plants); and industry efforts to refute potential health hazards associated with 


cleavage fragments of asbestos minerals. 


In addition, RDRP working groups have made recommendations for fiber-related 


research. In the early 1990s, our scientists reviewed the literature, including the 


recommendations of a recent National Institute of Environmental Health Sciences 


(NIEHS) sponsored Fiber Toxicology Research Needs workshop82 and wrote an 


internal document entitled “Fiber Exposures and Lung Disease Research Strategy”83 . 


This strategy provided a framework to guide our fiber-related research, including the 


following objectives: 


Identify fiber types/parameters of consequence•


Discern fiber characteristics responsible for disease•


Develop means of generating homogeneous fiber samples (for lab-based 


studies)


•


Establish a repository of fibrous material samples•


Develop/establish standard tests of fiber durability•


Elucidate basic mechanisms of diseases.•


More recently, a group of RDRP scientists updated priority areas of research for 


addressing health risks posed by occupational exposure to fibers. Their final report 


(“NIOSH Interdivisional Fiber Subcommittee Final Report”A3-86) recommended 


research, including the following objectives: 


Validate animal models—provide quantitative relationship between animal and 


human responses to fiber exposures


•


Characterize and quantitate fiber exposures in the workplace•


Design size-selective technology to produce homogeneous fiber samples for 


study


•


Determine mechanisms of action, rates of dissolution, and dose-response 


relationships for various homogeneous fiber samples. 


•


7. Nanotechnology Research•


8. Surveillance Activities•


9. Respiratory Disease HHEs and Technical 


Assistance


•


10. Emergency Response and Disaster 


Preparedness


•


11. Respirator Policy•


12. Sampling and Analytical Methods 


Activities


•


13. Vision for the Future•
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RDRP - Adobe PDF Version•
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A number of fiber-related research activities have been carried out by RDRP. A 


February 2006 search of NIOSHTIC-2 (a bibliographic database for occupational safety 


and health literature) documents, grant reports, and other communication products 


produced and/or supported by NIOSH, returned nearly 1500 items related to fibers. 


The remainder of 3.3 highlights examples of several RDRP fiber-related activities. In 


addition to investigator-initiated research to address these scientific objectives (chapter 


3.3d), our investigators have been faced with unplanned opportunities first evidenced 


by the occurrence of respiratory diseases in unexpected settings. Two examples of 


such unplanned opportunities are one relating to asbestos-contaminated vermiculite 


(chapter 3.3a,) and the other to respirable fibers unwittingly generated during 


production of flock (chapter 3.3b). In addition, an example is provided of a focused 


effort by our researchers to work towards prevention of an anticipated fiber-related 


occupational hazard associated with a major asbestos substitute (chapter 3.3c). 


77. NIOSH [1986]. Occupational Respiratory Diseases. Cincinnati, OH: U.S. Department of 


Health and Human Services, Public Health Service, Centers for Disease Control and Prevention, 


National Institute for Occupational Safety and Health, DHHS (NIOSH) Publication No. 86-102.


78. NIOSH [2006]. Criteria for a Recommended Standard: Occupational Exposure to Refractory 


Ceramic Fibers. Cincinnati, OH: U.S. Department of Health and Human Services, Public Health 


Service, Centers for Disease Control and Prevention, National Institute for Occupational Safety 


and Health, DHHS (NIOSH) Publication No. 2006-123.
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Asian context This article provides important information for health protection of workers using
synthetic vitreous fibers.

Critical appraisal A hundred of references were reviewed to establish TLVs for synthetic vitreous fibers.
This is very informative documentation about characteristics and health effects for
synthetic vitreous fibers with plenty of references.

Unique keywords

Introduction

Abstract Background: The documentations of the Threshold Limit Values (TLVs) and
Biological Exposure Indices (BEIs) presents the basic rationale for the
establishment of occupational exposure values for cited chemical substances
and physical agents and data on BEIs, all of which are summarized in the
TLV and BEIs Book.

Objective: The documentations for synthetic vitreous fibers provides
comprehensive information about chemical and physical properties,
classification and types, composition, characteristics, nominal diameters,
sources of occupational exposure, health effects (animal studies, human
studies, cell culture studies, and epidemiological studies), and carcinogenicity
for each synthetic vitreous fibers, as well as TLV recommendations.
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Asian context This article will provide information on characteristics of fiber in selecting asbestos
substitutes. It will be also used as reference to conduct research on health hazard of
fibers or select asbestos substitutes.

Critical appraisal This article explains effects of fiber characteristics in the aspect of size of fiber,
penetration into lung, durability.

Unique keywords

Introduction

Abstract Background: The author’s earlier review demonstrated the critical role of fiber
dimensions on the pathogenesis of the chronic diseases associated with
inhalation exposures to asbestos and other natural mineral fibers. This paper
has examined the underlying roles that the physicochemical properties of
mineral fibers play in modifying the pathogenic responses associated with
inhaled fibers.

Objective: This article reviewed effects of fiber characteristics on lung
deposition, retention, dissolution, translocation. The reasons for the lesser
durability of MMMF were summarized in this review, along with the principal
factors affecting fiber deposition patterns and efficiencies, i.e., the
aerodynamic properties of the fibers and the nature of convective flow within
lung airways.
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Environmental Health Perspectives
Vol. 88, pp. 311-317, 1990


Effects of Fiber Characteristics on Lung
Deposition, Retention, and Disease
by Morton Lippmann*


There is abundant epidemiologic evidence that asbestos fibers can cause lung fibrosis (asbestosis), bron-
chial cancer, and mesothelioma in humans, as well as limited evidence for such effects in workers exposed
to slag and rockwool fibers. Epidemiological evidence for human disease from inhalation exposures to
conventional fibrous glass is negative. While health concerns based on the morphological and toxicological
similarities between man-made fibers and asbestos are warranted, it is important to note that most of the
toxicological evidence for glass fiber toxicity in laboratory animals is based on nonphysiological exposures
such as intratracheal instillation or intraperitoneal injection of fiber suspensions. Man-made fibers have
produced lung fibrosis and mesotheliomas in such tests, albeit at much lower yields than asbestos. For
all durable mineral fibers, critical length limits must be exceeded to warrant concern about chronic toxicity;
i.e., 2 ,m for asbestosis, 5 ,m for mesothelioma, and 10 ,m for lung cancer. Fiber width must be <0.1
,um for mesothelioma, and larger than this limit for asbestosis and lung cancer. The human health risks
for most fibrous glass products are either low or negligible for a variety of reasons. First, most commercial
fibrous glass products have mean fiber diameters of approximately 7.5 ,um, which results in mean aero-
dynamic diameters approximately 22 ,um. Thus, most glass fibers, even if dispersed into the air, do not
penetrate into the lung to any great extent. Second, the small fraction of smaller diameter fibers that do
penetrate into the lungs are not persistent within the lungs for most fibrous glass products due to me-
chanical breakage into shorter lengths and overall dissolution. Dissolution is most rapid for the smaller
diameters (< 0.1 ,um) capable of producing mesothelioma. The greater hazards for slag and rockwools in
comparison to glass appear to be related to their smaller diameters and greater durability within the lungs.


Introduction
It is known that the pathogenesis of each of the


chronic diseases associated with inhaled fibers is asso-
ciated with the physical characteristics of the fibers.
The evidence is strongest for the amphibole asbestos
minerals. In my recent review on asbestos exposure
indices (1), I showed that asbestosis was most closely
related to the surface area of fibers longer than about
2 ,um and thicker than about 0.15 ,um; mesothelioma to
the number of fibers longer than about 5 ,um and thinner
than about 0.1 ,um; and lung cancer to the number of
fibers longer than about 10 p.m and thicker than about
0.15 p.m. The thinner fibers were able to leave the lung
and accumulate at pleural and peritoneal sites where
mesotheliomas can develop, while the thicker fibers can
remain in the lung to initiate lung diseases. The previous
review paper discussed the various reasons for the dif-
ferent critical fiber lengths for asbestosis and cancer.
The critical role of fiber dimensions is confirmed by


experience with other inorganic fibers that have been
shown to be capable of producing asbestosis, mesothe-
lioma, and/or lung cancer in humans or animals. Oregon
erionite, a natural zeolite with very thin fibers, pro-


*Institute of Environmental Medicine, New York University Med-
ical Center, Tuxedo, NY 10987.


duced mesothelioma in virtually all of the rats exposed
by inhalation (2). Villagers in Turkey living in homes
constructed of erionite blocks have very high incidences
of mesothelioma (3). Fybex, a fibrous potassium octa-
titinate developed as an asbestos substitute, produced
mesothelioma in hamsters exposed by inhalation (4) and
was abandoned as a commercial product. While man-
made mineral fibers (MMMF) containing long-thin fibers
are clearly capable of producing fibrosis in animals ex-
posed by intratracheal instillation, and mesothelioma in
animals exposed by intraperitoneal injection, the yields
are markedly lower than those for asbestos fibers of
similar numbers and dimensions. In terms of human
experience, the only evidence for chronic disease is
among MMMF workers handling rock or slag wool or
ultrafine glass fibers during periods when exposures
were very high (5). For conventional fibrous glass, con-
stituting over 95% of the MMMF usage in the U.S.,
there is no evidence of chronic disease. As discussed in
my recent review (6), the much lower order of toxicity
for MMMF, in comparison to asbestos, is due to its
lesser durability within the lungs. The reasons for the
lesser durability of MMMF will be summarized in this
review, along with the principal factors affecting fiber
deposition patterns and efficiencies, i.e., the aerodyn-
amic properties of the fibers and the nature of convec-
tive flow within lung airways.







M. LIPPMANN


Fiber Deposition in the Respiratory
Tract
There are five mechanisms that are important with


respect to the deposition of fibers in respiratory tract
airways. These are impaction, sedimentation, intercep-
tion, electrostatic precipitation, and diffusion.


Impaction and sedimentation probabilities are gov-
erned by the aerodynamic diameter of the fibers which,
for long mineral fibers, are close to three times their
physical diameters (7,8). Most impaction occurs down-
stream of air jets in the larger airways, where the flow
velocities are high, and the momentum of the fiber pro-
pels it out of the bending flow streamlines and onto
relatively small portions of the epithelial surfaces. Sedi-
mentation, on the other hand, is favored by low flow
velocity, long residence times, and small airway size.


Electrostatic precipitation occurs primarily by image
forces, in which charged particles induce opposite
charges on airway surfaces. It is dependent on the ratio
of electrical charge to aerodynamic drag. Little is known
about the charge levels on MMMF in the workplace.
Jones et al. (9) have shown that asbestos fiber process-
ing operations do generate fibrous aerosols with rela-
tively high charge levels, and that these charge levels
are sufficient to cause an enhancement of fiber deposi-
tion in the lungs. Such an enhancement of fiber depo-
sition for chrysotile asbestos in rats exposed by inhal-
ation was demonstrated by Davis et al. (10).


Interception increases with fiber length. The greater
the length, the more likely that the position of a fiber
end will cause it to touch a surface that the -center of
mass would have missed.


Diffusional displacement results from collisions be-
tween air molecules and airborne fibers. For compact
particles, diffusion becomes an important deposition
mechanism for diameters smaller than about 0.5 ,um.
Fibers of similar diameter would be more massive and
therefore be displaced less by a single molecular impact.
A long fiber may have nearly simultaneous impacts from
several gas molecules and their random trajectories may
tend to damp the net displacement. On the other hand,
a single collision near a fiber end may rotate the fiber
sufficiently to alter its interception probability. At the
present time, the role of diffusion in fiber deposition is
poorly understood. Gentry et al. (11) measured the dif-
fusion coefficients of chrysotile and crocidolite asbestos
fibers and found good agreement with theoretical pre-
dictions for chrysotile (0.4 ,im mean diameter), but poor
agreement with the more rodlike crocidolite (0.3 ,um
mean diameter).


Air is inhaled either through the nose or mouth, or
partially through each. The air that enters through the
nose has the more tortuous path. Fibers can be removed
from the airstream by impaction at the anterior nares.
Further downstream, impaction and interception can
take place on the nasal hairs, and at epithelial surfaces
distal to further sharp changes in airflow direction.
Some fibers may deposit by sedimentation in the larger
nasal airways and nasopharynx, where the residence


times may be sufficiently long for the fiber to descend
to a surface.
The conductive airway region of the human lung con-


sists of a series of bifurcating airways. The trachea is
the only airway segment with a length-to-diameter ratio
much greater than three. Single symmetrical fibers sus-
pended in a laminar flow stream should tend to become
aligned with the flow axis as they move through a lung
airway. On the other hand, fiber agglomerates or non-
fibrous particles would have more random orientations
that would depend on their distributions of masses and
drag forces. A fiber whose flow orientation differs from
axial alignment would have an enhanced probability of
deposition by interception.
A fiber's alignment is radically altered as it enters a


daughter airway, and this loss of alignment with the
flow at the entry of the daughter tube contributes to its
deposition by interception at or near the carinal edge.
To the extent that a fiber is entrained in the secondary
flow streams that form at bifurcations, its deposition
probability by interception should be further enhanced.
Sussman (12) performed an experimental study of fi-


ber deposition within the larger tracheobronchial air-
ways of the human lung using replicate hollow airway
casts. For crocidolite fibers with diameters primarily in
the 0.5 to 0.8 ,um range, interception increased total
deposition, with the effect increasing with fiber length,
especially for fibers > 10 ,um in length. The effect was
most pronounced at a high flow rate, i.e., 60 L/min. At
a lower flow rate, i.e., 15 L/min, the effect was less
pronounced, although still significant. This is consistent
with greater axial alignment ofthe fibers during laminar
flow within the airway.
Morgan and Holmes (13) and Morgan et al. (14) ex-


posed rats for several hours by inhalation (nose only)
to glass fibers 1.5 ,um in diameter, and 5, 10, 30, or 60
jim long. For fibers longer than 10 jim, essentially all
of the fibers were deposited, mostly in the head. These
results, together with the results of their earlier studies
on asbestos fibers, indicate that penetrability of air-
borne fibers into the rat lung drops sharply with aero-
dynamic diameter above 2 ,um. The results reported by
Morgan and Holmes are also very important in terms
of their experimental verification that increasing fiber
length increases the proportion of the lung deposition
that takes place in the tracheobronchial airways.
Sussman (12) found that the deposition patterns of


fibers in the larger lung airways are similar to those for
particles of more compact shapes. In other words, the
added deposition due to interception increased the dep-
osition efficiencies without changing the pattern of dep-
osition. Most of the studies on particle deposition pat-
terns and efficiencies in hollow bronchial airway casts
of the larynx and the larger conductive airways of the
human bronchial tree have been focused on deposition
during constant flow inspirations. A significant body of
data has also been generated at NYU for deposition
during cyclic inspiratory flows. For these tests (15,16)
we used a variable orifice mechanical larynx model (17)
at the inlet, while fixed orifice laryngeal models were
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used in the constant flow test. In one series of tests,
we used two replicate casts in tandem. The correspond-
ing terminal endings were connected with rubber tub-
ing. Deposition in the downstream cast was analyzed to
determine the deposition pattern and efficiencies during
expiratory flow (18).
Concern about sites of enhanced surface deposition


density is stimulated by the observation that the larger
bronchial airway bifurcations, which are favored sites
for deposition, are also the sites most frequently re-
ported as primary sites for bronchial cancer (19). Dep-
osition patterns within the nonciliated airways distal to
the terminal bronchioles may also be quite nonuniform.
Brody et al. (20) studied the deposition of chrysotile
asbestos in lung peripheral airways of rats exposed for
1 hr to 4.3 mg/m of respirable chrysotile. The animals
were killed in groups of 3 at 0, 5, and 24 hr and at 4
and 8 days after the end of the exposure. The pattern
of retention on the epithelial surfaces was examined by
scanning electron microscopy of lung sections cut to
reveal terminal bronchiolar surfaces and adjacent air-
spaces. The rat does not have recognizable respiratory
bronchioles, and the airways distal to the terminal bron-
chioles are the alveolar ducts. In rats killed immediately
after exposure, asbestos fibers were rarely seen in al-
veolar spaces or on alveolar duct surfaces, except at
alveolar duct bifurcations. There were relatively high
concentrations on bifurcations nearest the terminal
bronchioles, and lesser concentrations on more distal
duct bifurcations. In rats killed at 5 hr, the patterns
were similar, but the concentrations were reduced. Sub-
sequent studies have shown that crocidolite asbestos
(21), Kevlar aramid synthetic fibers (22), and particles
of more compact shape (23) also deposit in similar pat-
terns, and that the deposition patterns seen in the rat
also occur in mice, hamsters, and guinea pigs (24).
The sudden enlargement in airpath cross-section at


the junction of the terminal bronchiole and alveolar duct
may play a role in the relatively high deposition effi-
ciency at the first alveolar duct bifurcation. Little has
previously been known about the flow profiles in this
region of the lung. However, Briant (25) has shown that
a net axial core flow in a distal direction and a corre-
sponding net annular flow in a proximal direction take
place during steady state cyclic flow in tracheobronchial
airways, and that this could account for such concen-
trated deposition on the bifurcations of distal lung air-
ways.


Fiber Retention, Dissolution, and
Translocation
The fate of fibers deposited on surfaces within the


lungs depends on both the sites of deposition and the
characteristics of the fibers. Within the first day, most
fibers deposited on the tracheobronchial airways are
carried proximally on the surface of the mucus to the
larynx, to be swallowed and passed into the gastroin-
testinal tract. The residence time for fibers on the sur-


face of the tracheobronchial region is too short for any
significant change in the size or composition of the fibers
to take place.


Fibers deposited in the nonciliated airspaces beyond
the terminal bronchioles are more slowly cleared from
their deposition sites by a variety of mechanisms and
pathways. These can be classified into two broad cat-
egories, i.e., translocation and disintegration.


Translocation refers to the movement of the intact
fiber along the epithelial surface: to dust foci at the
respiratory bronchioles; onto the ciliated epithelium at
the terminal bronchioles; or into and through the epi-
thelium, with subsequent migration to interstitial stor-
age sites or along lymphatic drainage pathways. Trans-
location of either type may occur after ingestion of the
fibers by alveolar macrophages if the fibers are short
enough to be fully ingested by the macrophages. There
may also be translocation via movement of bare fibers.
Holt (26) proposed that fibers phagocytosed by alveolar
macrophages are carried by them toward the lung pe-
riphery by passing through alveolar walls and that some
of these cells aggregate in alveoli near larger bron-
chioles and then penetrate the bronchiolar wall. Once
in the bronchiolar lumen, they can be cleared by mu-
cociliary transport.


Disintegration refers to a number of processes, in-
cluding the subdivision of the fibers into shorter seg-
ments, partial dissolution of components of the matrix
creating a more porous fiber of relatively unchanged
external size, or surface etching of the fibers creating
a change in the external dimensions of the fibers.
For MMMF, fiber breakup is virtually all by length.


The breakdown into smaller diameter fibrils which is
characteristic of asbestos fibers is seldom seen. For
MMMF, the relative importance ofbreakage into length
segments, partial dissolution, and surface etching to the
clearance of fibers depends upon the size and compo-
sition of the fiber.
Morgan et al. (13,27) studied the retention of 1.5-,um


diameter glass fibers administered to rat lungs by in-
tratracheal instillation. Retention at 1 year for 5-,um
long fibers was 10%, while for 10-,um long fibers it was
20%. For the fibers which were 30 or 60 ,um long, there
was no measurable clearance during the first 9 months.
Further retention measurements were not made for
these long fibers because of evidence that they were
disintegrating and dissolving. This macrophage-me-
diated mechanical clearance is less effective for 10-,um
fibers than for 5-jim fibers, and ineffective for fibers of
30 jim length and longer. As confirmation, Morgan and
Holmes (13) cited work of Timbrell on the dimensions
of anthophyllite fibers in the lungs of Finnish workers
which suggests that the critical fiber length for me-
chanical clearance from the lungs is approximately 17
jim.
Morgan et al. (13,27) found that the solubility of


MMMF in rat lungs in vivo was dependent on both size
and composition. The results were based on the sizes
of fibers recovered from rats' lungs at various times
following the inhalation exposures. For the glass fibers,
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there was much less dissolution ofthe 5 and 10 ,um fibers
than of the 30 and 60 ,um fibers. The dissolution of the
long 1.5 ,um diameter fibers was very nonuniform. Some
were little changed in dimension, while others were
reduced in diameter to 0.2 ,um. On the other hand, for
rockwool fibers > 20 ,um in length, there was no ob-
servable change in fiber dimensions after 6 months.
Morgan and Holmes (13) attributed the dependency of
dissolution on fiber length to the differences in intra-
and extracellular pH. The shorter fibers within mac-
rophages are exposed to a pH of 7.2, while those outside
were exposed to the extracellular pH of 7.4.


Dissolution of glass fibers in rat lungs in vivo was
also observed by Johnson et al. (28), who exposed rats
to MMMF aerosols at 10 mg/m3 for 7 hr/day, 5 days/
week for 1 year as compared to the single exposure of
several hours duration used by Morgan and Holmes.
The percentage of glass fibers with diameters less than
0.3 ,um which were recovered from the lungs was con-
sistently less than that in the original fiber suspension,
and the reduction was more marked in the animals that
were sacrificed following a period of recovery from the
exposures than from those sacrificed at the end of the
exposure. Furthermore, morphological examination of
the fiber surfaces revealed an etching of the surface
manifest as irregularities in outline, loss of electron den-
sity, and the appearance of pits along their edges. The
degree of etching increased with residence times in the
lungs. Glasswool with and without resin was also
etched, but to a lesser extent, while the etching of the
rockwool fibers was considerably less.
Bellmann et al. (29) instilled suspensions of UICC


crocidolite, UICC chrysotile A, and glass fibers in rat
lungs, and examined the residual fibers after 1 day and
1, 6, 12, and 15 months. They reported that crocidolite
fibers longer than 5 ,um did not decrease in number for
over 1 year. The number of chrysotile fibers > 5 pum
doubled, probably due to longitudinal splitting, while
the numbe.r of > 5 ,um glass fibers was reduced with a
halftime of 55 days, due to dissolution. All fibers < 5
pum in length were cleared with halftimes of 100 to 150
days. When the crocidolite fibers were pretreated in
acid there was no change in retention. On the other
hand, acid-treated chrysotile and glass fibers had much
more rapid clearance, with halftimes of 2 and 14 days,
respectively.


In a 2-year follow-up study, Bellmann et al. (30) re-
ported the persistence of some MMMF, crocidolite, and
chrysotile in the rat lung after intratracheal instillation.
Experiments were based on the assumption that thin,
long and durable fibers are of special importance for the
carcinogenic potency of these types of substances. Pa-
rameters measured included number of fibers, diameter
and length distribution of fibers retained in lung ash and
leaching of various elements from fibers longer than 5
pum. For a special type of glass microfiber and for ce-
ramic wool, which both had a low alkaline earth content,
the halftimes of lung clearance were at a level similar
to that of crocidolite. For another type of glass micro-
fiber with a high alkaline earth content and a median


diameter of about 0.1 pum, a very low halftime was re-
ported. The glass and rock wools studied, which were
thicker than the other fibers, had a medium halftime.


In the inhalation study of Brody et al. (20) with chry-
sotile, their examination of tissues by transmission elec-
tron microscopy revealed that fibers deposited on the
bifurcations of the alveolar ducts were taken up, at least
partially, by Type I epithelial cells during the 1 hr in-
halation exposure. In the 5 hr period after exposure,
significant amounts were cleared from the surfaces, and
there was further uptake by both Type I cells and al-
veolar macrophages. Within 24 hr after the exposure,
there was an influx of macrophages to the alveolar duct
bifurcations. The observations provide a basis for fiber
penetration of the surface epithelium which does not
hypothesize movement within macrophages.


Bernstein et al. (31) and Hammad (32) also found
evidence of substantial in vivo dissolution. LeBouffant
et al. (33) used X-ray analysis on individual fibers re-
covered from lung tissue to show the exchange of cations
between the fibers and the tissues. For example, the
fibers can lose Ca and gain K. Insight on the solubility
of fibers in vivo has also been obtained from in vitro
solubility tests, as indicated in my recent MMMF review
(6).


Discussion
There has been a significant advance in our knowledge


about the deposition and elimination of fibers in recent
years, as well as some new knowledge about exposure-
response in controlled animal inhalation studies; some
further concern about lung cancer among heavily ex-
posed workers in the MMMF industry; and some new
insight into the critical fiber properties affecting disease
pathogenesis.
MMMF differ from asbestos fibers in several critical


ways, which tend to result in less lung deposition, and
in the more rapid elimination of those fibers that do
deposit in the lungs. One is in diameter distribution.
Except for glass microfiber, MMMF tend to have rel-
atively small mass fractions in diameters small enough
to penetrate through the upper respiratory tract. As-
bestos, on the other hand, usually contains more res-
pirable fiber. Furthermore, once deposited, the asbes-
tos fibers may split into a greater number of long thin
fibers within the lungs. MMMF rarely split, but are
more likely to break into shorter length segments.
There are also differences in solubility among the fi-


bers that affect their toxic potential, both among the
asbestos types and the MMMFs. Conventional glass fi-
bers appear to dissolve much more rapidly than other
MMMFs and asbestos. Dissolution of glass fibers takes
place both by surface attack and by leaching within the
structure. The diameters are reduced and the structure
is weakened, favoring break up into shorter segments.
Since the smallest diameter fibers have the greatest
surface-to-volume ratio, they dissolve most rapidly.
Thus, the relatively small fraction of the airborne glass
fibers with diameters small enough to penetrate into
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the lungs are the most rapidly dissolved within the
lungs.
The more durable and less soluble MMMF, i.e., slag-


and rockwool, some specialty glasses, and ceramic fi-
bers, require a higher degree ofconcern because of their
longer retention within the lungs. In vitro studies and
studies of dissolution in simulated lung fluids can be very
useful in preliminary evaluations of the toxic potential
of the various MMMFs (6). On the other hand, the dis-
solution of MMMF in vivo depends upon many addi-
tional factors which cannot readily be simulated in model
systems. For example, the differences in in vivo solu-
bility of long and short fibers noted by Morgan and
Holmes (13) were attributed to small difference in in-
tracellular and extracellular pH. The mechanical stress
on fibers in vivo may also contribute to their disinte-
gration, and cannot readily be simulated in model sys-


tems. Thus, hazard evaluations of specialty product
MMMFs, made for limited and specific applications,
should continue to be subjected to detailed in vivo stud-
ies in which animals are exposed to appropriate sizes
and concentrations of the fibers of interest.


Conclusions and Research
Recommendations
My earlier review demonstrated the critical role of


fiber dimensions on the pathogenesis of the chronic dis-
eases associated with inhalation exposures to asbestos
and other natural mineral fibers (1). In summary, short
fibers were shown to be essentially nuisance dust. Very
thin fibers (i.e., <0.1 ,um diameter) can cause mesoth-
elioma, while thicker fibers can cause fibrosis and lung
cancer. This paper has examined the underlying roles
that the physicochemical properties of mineral fibers
play in modifying the pathogenic responses associated
with inhaled fibers. The critical role of fiber dimensions
is confirmed by the evidence that those MMMFs in the
right size range and having sufficient durability within
the body can also cause lung cancer in exposed workers
(5). Fibers, such as conventional fibrous glass, with
lesser fractions having the critical dimensions for path-
ogenic response and lesser durability within the body,
have not been associated with excess cancer in workers
(5).


Artificial in vivo tests in animals that enhance the
yields of fibrosis and mesotheliomas provide further evi-
dence of the critical roles of fiber dimensions and du-
rability on fiber toxicity. Virtually all fibrous minerals
containing long fibers (i.e., > 10 ,um in length) produce
lung fibrosis following intratracheal instillation, with
the potency ranging from very high for asbestos to very
low for conventional fibrous glass. Similar potency rank-
ings apply to mesothelioma yields following intrapleural
injections of fiber suspensions or implantations of fiber
mats. These potency rankings indicate that the ele-
mental compositions of the fibers play little, if any, role
in fiber toxicity, except insofar as they affect the fiber
durability in cells and lung fluids.


It appears that fibers, as physical entities, stimulate
cellular responses and enzyme secretions at critical tar-
get sites, leading to alterations in cell functions, differ-
entiation patterns, numbers, and distributions. When
the fibers are sufficiently durable in the lung, or at the
pleura after translocation, the stimulation can continue
for a sufficient time to produce chronic structural al-
teration and disease. Kuschner (34) has suggested that
the strikingly lesser tendency of MMMF to induce ma-
lignant tumors when introduced into the lung experi-
mentally may be determined by its lesser degree of
fibrogenicity, fibrosis being a precondition for the de-
velopment of malignant tumors induced by fibers; also
that fibrogenicity, in turn, is determined by fiber di-
mension, by physicochemical characteristics of fiber and
by durability. Inhalation of MMMF in man may not
produce the scarred lung and pleura that must precede
the development of carcinoma and mesothelioma.
Clearly, Kuschner raises a research question which can
and should be addressed, i.e., fibrosis as necessary pre-
condition for tumorigenicity.


Pott (35) has stated that: "A fiber has to be regarded
as a physical carcinogen that works by its elongated
shape. Clearly, a fiber which is both durable and per-
sistent should have a stronger effect than a non-durable
or non-persistent one. In this context some questions
have to be put to the cell biologist: How long do fibers
have to stay in the bronchial wall or serosa tissue in
order to cause an alteration that can lead to the devel-
opment of a tumor? Is persistence for just one cell di-
vision phase in principle sufficient for a transforming
effect? Or does the (unknown) mechanism need a longer
period? Is the minimum persistence period for a trans-
forming effect related to the cell division period of the
host species? Does a longer persistence time lead to a
proportionately greater effect by affecting more cell
generations, which would result in a higher tumor in-
cidence and/or shorter latency period?"
These are well-stated research questions for cell bi-


ologists. Pott (35) also formulated an important research
question that requires whole animal toxicology and ex-
trapolation modeling, i.e., How long must fibers persist
in the human body in order to induce the biological
alterations that can lead to bronchial carcinomas or me-
sotheliomas without the further presence of fibers? The
shortest necessary period of persistence can be seen as
a kind of threshold value. Based upon his knowledge of
minimal latency in asbestos workers, Pott constructed
a model for human cancer development following ex-
posure to airborne fibers (Fig. 1).
At this point, we are able to frame the important


questions concerning fiber toxicology. If this workshop
can help to refine and prioritize the questions and stim-
ulate the research sponsors to initiate and support the
necessary program, it should be possible in the near
future to greatly improve our abilities to a) define the
hazards associated with specific fiber exposures by
analysis for concentrations of fibers having critical di-
mensions in terms of toxicity, b) provide a rational basis
for decisions to remove asbestos and/or other fibers, or
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Threshold of fibre per-
Start of contact sistence which has to be
between fibres overstepped for induction Diagnosis of
and cells of altered cells bronchial carcinoma


t > 5 yearsI


> 10 years


Incubation period Diagnosis of
(minimum length mesothelioma
of time ??)


Induction of altered cells
which are precursors of
tumour cells


FIGURE 1. Diagram illustrating the question of the minimum length
of the incubation period necessary for the induction of precursors
of tumor cells.


to leave them in place, based upon their composition,
fiber size distribution and physical condition, and c)
guide the development of safe substitutes for hazardous
fibers that should be removed.


This paper is a modified and abridged version of a paper entitled:
"Man-made mineral fibers (MMMF): human exposures and health risk
assessment," which is in press in Toxicology and Industrial Health.


Research on fibers at NYU is supported by grant no. ES-00881
from the National Institute of Environmental Health Sciences
(NIEHS), and is part of a Center Program supported by grant no.
ES-00260 from NIEHS and grant no. CA 13343 from the National
Cancer Institute.
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Asian context The code of practice includes comprehensive information about health protection for
workers using insulation wools.

Critical appraisal Although the code was written for insulation wools (glass wool, rock wool and slag wool), many of its
provisions could be applied to other synthetic vitreous fibre materials. The code sets out the general duties for
manufacturers, suppliers, specifiers, employers, workers and competent authorities, all of whom have an
important role to play in maintaining the safety of the entire process, from production to waste management
and disposal.

Unique keywords

Introduction

Abstract Background: The use of synthetic fibre insulation wools in construction has
become increasingly widespread. This ILO code of practice is intended to be
applied worldwide, and particularly in countries that do not have, or are in the
process of developing, safe work practices in the use of insulation wools. The
code takes an integrated approach since insulation wools do not appear in
their pure forms but rather as products with mixed components. It addresses
all the hazards arising from the product (insulation fibres, binders and other
materials), with regard to real-life situations, and contains useful appendices
on classification systems, exposure data and risk assessment.
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Preface


This ILO code of practice defines major principles and approaches concerning
safety requirements and precautions in the use of insulation wools (glass wool, rock
wool and slag wool). It provides practical control measures to minimize occupational
exposure to fibres and dusts from insulation wools, prevent irritation and discomfort,
and avert any long-term health risks involved in working with such products. The code
promotes an integrated approach, taking account of the fact that synthetic vitreous fibre
insulation wools do not appear in the workplace in their pure forms but rather as a
product with mixed components. Emphasis is placed on addressing all the hazards
arising from the product (insulation fibres, binders and other materials), taking account
of real work situations.


This code was adopted unanimously by a Meeting of Experts on Safety in the Use
of Insulation Wools, held in Geneva from 17 to 26 January 2000.1 The good spirit of


                                                
1 Experts nominated by governments:


Mr. Jean-François Certin, Consulting Engineer, Laboratoire interregional de chimie de l’Ouest, CRAM
des pays de la Loire, Nantes (France).


Dr. Chaiyuth Chavalitnitikul, Senior Expert on Occupational Safety and Health, Department of Labour
Protection and Welfare, Bangkok (Thailand).


Dr. Norihiko Kohyama, Director of Division of Work Environment Evaluation, National Institute of
Industrial Health, Ministry of Labour, Kawasaki (Japan).


Dr. Rolf  Packroff,  Federal Institute for Occupational Safety and Health, Dortmund (Germany).
Dr. Loretta Schuman, Directorate of Health Standards Programs, US Occupational Safety and Health


Administration (OSHA), US Department of Labor, Washington, DC (United States).
Mr. Yuriy Tsybulya, Director, Small Venture “BEIM Ltd.”, Kotsubinskoe, Kiev region (Ukraine).
Mr. Jesús Zepeda Vera, Deputy Director of Research and Development on Occupational Health


Standards, Secretariat of Labour and Social Protection, General Directorate of Occupational Safety
and Health, Federal District (Mexico).


Experts nominated by the employers:


Mr. Tom Calzavara, CIH, Johns Manville Corporation, Technical Center, Littleton, CO (United States).
Dr. Vermund Digernes, Assistant Director, Occupational Medicine, Federation of Norwegian Process


Industries (PIL), Oslo (Norway).
Dr. Utz Draeger, Head of the Industrial Medicine Department, Deutsche Rockwool-Mineralwoll-GmbH,


Gladbeck (Germany).
Adviser:
Dr. Rainer Dorn, Manager, Department of Environment, Occupational Health and Safety and
Dangerous Substances, Grünzweig & Hartmann AG, Ludwigshafen (Germany).


Mr. Kevin Heribert, Executive Director, Fibreglass and Rockwool Insulation Manufacturers’ Association
(FARIMA), North Sydney (Australia).


Mr. Charles Houghton, Regulatory Affairs Leader, Europe, Owens-Corning Building Products Ltd. (UK),
St. Helens (United Kingdom).


Mr. Aymon de Reydellet, ISOVER-Saint Gobain, Environnement & Risques Industriels, Paris (France).
Dr. Anthony R. Wells, Owens-Coming Canada, Toronto (Canada).


Experts nominated by the workers:


Mr. Dave Bennett, National Director, Health, Safety and Environment, Canadian Labour Congress,
Ottawa (Canada).


Mr. Justin Daerden, Centrale chrétienne des travailleurs du bois et du bâtiment, Brussels (Belgium).
Mr. Bernd Eisenbach, Trade Union for Building, Forestry, Agriculture and the Environment (IG-BAU),


Frankfurt am Main (Germany).
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cooperation among all participants paved the way for moving from the divergent initial
positions towards the consensus necessary for the code to be useful for all and
effectively applied. The Governing Body of the ILO approved the publication of the
code at its 277th Session (March 2000).


The Meeting recommended that the present code be widely distributed. Follow-up
procedures, including regional meetings and conferences, should be held to assess its
effectiveness and to review it in the light of future developments in science and
technology. The experts also suggested that the ILO should produce new codes of
practice to address other synthetic and organic fibres not covered by existing ILO
instruments, such as refractory ceramic fibres, cellulose and silicon carbide.


The code specifies general duties for manufacturers, suppliers, specifiers,
employers, workers and the competent authorities, all of whom have an important role to
play in maintaining safety in the entire process, from manufacture to waste disposal. The
perspective has thus been enlarged in order to establish a proper chain of responsibility
so that the diversified situations prevailing in various countries will be covered.


The general measures of prevention and protection specified by the code, and the
relevant information included in the appendices (systems of classification, exposure data
and risk assessment), are of particular use to developing countries and countries in
transition. The code emphasizes that such measures should be consistent with the
classification and potential health effects of the insulation wools, and the competent


                                                                                                                                               
From 17 to 18 January 2000:


Mr. Kurt Jakobsen, Trade Union of Plumbers in Denmark, Hvidovre (Denmark).


From 19 to 26 January 2000:
Mr. Lars Vedsmand, Occupational Health and Safety Officer, Bygge-, Anlaegs-og Traekartellet (BAT)


secretariat, Copenhagen (Denmark).


From 18 to 20 January 2000:
Mr. Anton Korntheuer, Building and Wood Workers’ Trade Union (GBH), Vienna (Austria).
Mr. Chris Northover, Forest and Forest Products Division of the Construction, Forestry, Mining and


Energy Union (CFMEU), Melbourne (Australia).
Mr. Samy Santanasamy, Union of Employees in Construction Industry (UECI), Kuala Lumpur


(Malaysia).


International governmental and non-governmental organizations represented:


World Health Organization (WHO).
International Organisation of Employers (IOE).
European Insulation Manufacturers Association (EURIMA).
North American Insulation Manufacturers Association (NAIMA).
International Confederation of Free Trade Unions (ICFTU).
International Federation of Building and Wood Workers (IFBWW).
World Confederation of Labour (WCL).
European Ceramic Fibres Industry Association (ECFIA).
International Commission on Occupational Health (ICOH).
International Occupational Hygiene Association (IOHA).


ILO representatives:


Dr. J. Takala, Director, SafeWork –  Programme on Safety, Health and the Environment.
Dr. G.H. Coppée, Coordinator, Occupational and Environmental Health Cluster, SafeWork –  Programme


on Safety, Health and the Environment.
Dr. S. Niu, Occupational Health Specialist, SafeWork – Programme on Safety, Health and the


Environment.
Dr. D. Douglas, Consultant.
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authority should ascertain which measures are to be applied. This guidance will benefit
especially small-scale enterprises in establishing an appropriate level of protection for
workers.


The code is published as a part of the ILO’s efforts to improve working conditions
and environment. It is intended to be applied worldwide, and particularly in countries
which do not have, or are in the process of developing, safe work practices in the use of
insulation wools. It was prepared through extensive research work and technical
consultations with the ILO constituents. Good work practices for dealing with insulation
wools, already developed in some member States, provided a solid basis for the
preparatory work.
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Introduction


In accordance with a decision of the Governing Body of the ILO at its 270th
Session (November 1997), a Meeting of Experts on Safety in the Use of Insulation
Wools was convened in Geneva from 17 to 26 January 2000 to draw up and adopt a
code of practice on safety in the use of synthetic vitreous fibre insulation wools (glass
wool, rock wool, slag wool). The Meeting was composed of 22 experts, seven appointed
following consultations with governments, seven following consultations with the
Employers’ group and eight following consultations with the Workers’ group of the
Governing Body (since one of them had to be replaced during the Meeting).


This code of practice is based on principles established in international instruments
relevant to the prevention and protection of workers’ safety and health, as well as on the
findings of the Meeting of Experts on Safety in the Use of Mineral and Synthetic Fibres,
Geneva, 17-25 April 1989. The development of an ILO code of practice on synthetic
vitreous fibre insulation wools (glass wool, rock wool, slag wool) was a specific
recommendation of the 1989 Meeting of Experts, which stated in its report:


It was noted that the industry producing such fibres had been aware of the
health aspects of its products and had worked closely with scientists for developing
guide-lines for safety in their use. The experts felt that it was precisely because a
large amount of work on safety had been done by the industry that a code of
practice, specifically on insulation wools, was suggested. ... The experts unanimously
agreed to recommend the preparation of a code of practice on safety in the use of
insulation wools. It was suggested that a code of practice could benefit both the
industry and workers and would be particularly useful for developing countries.1


This code focuses on synthetic vitreous fibre insulation wools (glass wool, rock
wool and slag wool), but it is recognized that other synthetic vitreous fibre materials,
such as refractory ceramic fibres (RCF), refractory fibres other than RCF, and special-
purpose glass fibres, are potentially more hazardous. Although the code was written for
insulation wools, many of its provisions represent good practice for the prevention of
occupational health hazards generally, and this could be applied to RCF, refractory
fibres other than RCF, and special-purpose glass fibres. Guidance in this respect can also
be found in other codes of practice.2 Furthermore, the International Programme on
Chemical Safety (IPCS), a joint programme of the United Nations Environment
Programme (UNEP), the International Labour Organization (ILO) and the World Health
Organization (WHO), has provided practical information in the form of an International


                                                
1 “Annex 2: Report of the Meeting of Experts on Safety in the Use of Mineral and Synthetic Fibres”


(Geneva, 17-25 April 1989), in ILO: Safely in the use of mineral and synthetic fibres, Occupational Safety
and Health Series No. 64 (Geneva, 1990), p. 79.


2 For example, the ILO codes of practice, Occupational exposure to airborne substances harmful to
health (Geneva, 1980) and Safely in the use of asbestos (Geneva, 1984), contain many relevant provisions,
establish the principles of the prevention of contamination of the working environment and specify
general preventive methods. These principles include the elimination of hazards or risks and substitution
by harmless or less harmful agents (which may in turn be associated with a prohibition of certain work
practices). After efforts to apply these two principles, the emphasis is on engineering controls and on the
implementation of an effective control programme.
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Chemical Safety Card on Ceramic Fibres (ICSC:0123), and has prepared an analytical
criteria document on man-made mineral fibres.1


Important research has been conducted since the 1989 Meeting of Experts and
efforts have been made by the industry to improve its products. There have been
important technological developments as regards the chemical composition and physico-
chemical properties of insulation wool fibres, in particular biosolubility. An extensive
programme was carried out to evaluate current scientific knowledge concerning the
biopersistence and pathogenicity of various types of fibres. On this basis, the European
Union (EU) considered that it seemed justified to exclude, under certain circumstances,
some man-made vitreous (silicate) fibres from classification as carcinogens. The criteria
embodied in European Commission Directive 97/69/EC are provided in Appendix A,
section 3. There are other potential health effects and discomfort connected with the use
of synthetic vitreous fibre insulation wools which may not have been changed by the
introduction of less biopersistent fibres. The products have mechanical irritant
properties, which may result in eye, upper respiratory tract and skin irritation.


The practical recommendations of ILO codes of practice are intended for the use of
all those, in both the public and the private sectors, who have responsibility for safety
and health management in relation to specific occupational hazards (e.g. noise and
vibration, radiation), sectors of activity (e.g. construction, mining) or equipment (e.g.
tractors, chainsaws). Codes of practice are not intended to replace national laws or
regulations, or accepted standards. They are drawn up with the object of providing
guidance to those who may be engaged in framing provisions of this kind or developing
programmes of prevention and protection at the national or enterprise levels. They are
addressed in particular to governmental and public authorities, and employers, workers
and their organizations, as well as management and safety and health committees in
related enterprises.


Codes of practice are designed primarily as a basis for preventive and protective
measures and are considered as ILO technical standards in occupational safety and
health. They contain general principles and specific guidance which concern, in
particular: the surveillance of the working environment and of workers’ health;
education and training; consultation and cooperation; record-keeping; and the role and
duties of the competent authority, employers, workers, manufacturers and suppliers. The
provisions of the codes should be read in the context of conditions in the country
proposing to use this information, the scale of operation involved and technical
possibilities. In this regard, the needs of developing countries are also taken into
consideration.


                                                
1 WHO: Man-made mineral fibres, Environmental Health Criteria No. 77 (Geneva, 1988).
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1. Scope and purpose


1.1. Scope
1.1.1. This code applies to all exposures of workers to fibres and dust from


synthetic vitreous fibre insulation wools (glass wool, rock wool, slag wool)1
 during


manufacture, transport and storage, use, maintenance, removal, recycling and disposal of
insulation wools.


1.1.2. This code is a reference document for the development of workplace
strategies, policies and mechanisms for dealing with safety in the use of insulation
wools.


1.1.3. This code is not intended to replace international or national laws or
regulations, or accepted standards.


1.2. Purpose


1.2.1. This code addresses occupational hazards due to insulation wools. Its
purpose is to protect workers’ health by ensuring safety in the use of insulation wools
taking into account the preventive and protective measures listed in paragraphs 2.1.3 and
2.2.1.


1.2.2. The provisions of this code are aimed at:


(i) minimizing exposure to fibres and dust from insulation wools at work;


(ii) preventing the mechanical irritation and discomfort known to be associated with
these materials, and averting the potential for long-term health effects; and


(iii) providing practical control measures for minimizing occupational exposure to
fibres and dust from insulation wools during manufacture, transport and storage,
use, maintenance, removal, recycling and disposal of insulation wools.


1.2.3. The provisions of this code should be considered as the basic requirements
for protecting workers health.2


                                                
1 In the following sections of this code, the expression “insulation wools“ means synthetic vitreous


fibre insulation wools (glass wool, rock wool and slag wool) and products or materials containing such
fibres. Definitions are given in Chapter 9 (Glossary).


2 The evaluation of intrinsic properties of substances, products and materials (hazard assessment) and
risk assessment of potential adverse effects on health may show that these are so low that they are of no
regulatory concern. This may result from technological development and product improvement (section
3.4). In such cases, the competent authority often considers the possibility of adopting exemption criteria.
Such criteria usually apply to the protection of both workers and the public. The exemption resulting from
these criteria may be from the regulatory framework as a whole or from specific provisions such as
classification of hazards and labelling (section 2.3). An example of criteria used for exemption from
classification is given in Appendix A, section 3.10.
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2. Principles and approaches


2.1. Organizational measures


2.1.1. The prevention or reduction of occupational risks due to insulation wools
should be:


i) based on the general principles of occupational safety and health, taking due
account of the relevant provisions of the Occupational Safety and Health
Convention (No. 155) and Recommendation (No. 164), 1981, and of the
Working Environment (Air Pollution, Noise and Vibration) Convention (No.
148) and Recommendation (No. 156), 1977; and


ii) conducted within the general framework of the organization of occupational
safety and health at the enterprise level, taking due account of the relevant
provisions of the Occupational Health Services Convention (No. 161) and
Recommendation (No. 171), 1985.


2.1.2. The basic approach of the assessment of occupational hazards, and the
evaluation and control of risks, should be followed as regards occupational hazards due
to insulation wools, with a view to continuing improvement, as it should be for the other
occupational hazards present at the workplace (such as chemicals, other dust, noise and
vibration). This approach should include surveillance of the working environment and of
the workers’ health.


2.1.3. The application of the provisions of this code should take into account the
following recognized hierarchy of preventive and protective measures:


(i) eliminate the risks by using products or technologies which permit risks to be
eliminated or reduced to a minimum;


(ii) control the risks at source, for example by isolating the process and engineering
control measures;


(iii) minimize the risks, for example, by technical measures such as local and general
ventilation, safe work practices, and administrative measures such as job
rotation;


(iv) use appropriate personal protective equipment.


2.2. Procedures


2.2.1. Procedures should be developed for the specific needs of each operation,1
and should include provisions on:


                                                
1 Technical information and guidance documents can be found in the CISDOC database produced by


the ILO’s International Occupational Safety and Health Information Centre.
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(i) hazard assessment and risk assessment;1


(ii) engineering control and technical measures,2 as for local and general ventilation;


(iii) protective clothing and equipment;


(iv) adequate information, such as material safety data sheets;


(v) education and training, such as developing manuals on work procedures,
operational ventilation equipment and cleaning the work environment;


(vi) allocation of responsibilities to supervisors and workers, including arrangements
for consultation; and


(vii) a review process and improvement plans.


2.2.2. Procedures, such as safe work practices, should be developed for all
insulation wools manufacturing and user operations. Their development and
implementation should be monitored in consultation with workers or their
representatives so as to benefit from knowledge gained from experience.


2.3. Classification of hazards


2.3.1. The competent authority should:


(i) identify any intrinsic properties of insulation wool fibres and dust which require
a hazard classification;


(ii) establish or select the criteria3 for determining the hazards arising from exposure
to insulation wool fibres and dust; and


(iii) ensure that insulation wools are classified appropriately, taking into account the
above-mentioned properties and criteria.


2.3.2. Classification should be considered as a tool to guide preventive action
(e.g. the labelling of chemicals, materials and equipment). The competent authority
should establish criteria to determine whether specific chemicals, materials or equipment


                                                
1 An example of a format for risk assessments and action plans is given in Appendix D.
2 Additional information can be found in ILO: Occupational lung diseases: Prevention and control,


Occupational Safety and Health Series No. 67 (Geneva, 1991); and in WHO: Prevention and Control
Exchange (PACE). Hazard prevention and control in the work environment: Airborne dust, Occupational
and Environmental Health Series (Geneva, 1999), doc. WHO/SDE/OEH/99.14
(http://whqlibdoc.who.int/hq/1999/WHO_SDE_OEH_99.14.pdf).


3 The monographs published in the Environmental Health Criteria (EHC) series are intended to assist
national and international authorities in making risk assessments and subsequent risk management
decisions. They provide critical reviews of the effects of chemicals, and of combinations of chemicals and
physical and biological agents, on human health and the environment. The EHC monographs represent
one of the major areas of activity of the joint UNEP/ILO/WHO International Programme on Chemical
Safety (IPCS), and are the basis for developing health and safety guides and International Chemical Safety
Cards (ICSC).
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should be classified, on the basis of which property and at what level, considering the
guidance available at the international level.1


2.3.3. In developing the above-mentioned criteria and determining the need to
classify insulation wools by category and quantitative level, the competent authority
should take into account the opinion of technically qualified persons nominated by the
most representative organizations of the employers and workers concerned.


2.4. Exposure limits


2.4.1. Exposure limits should be based on sound scientific and technical
knowledge, as well as on an evaluation of occupational health hazards and risks due to
insulation wools, based on the criteria mentioned in paragraph 2.3.1 (ii).


2.4.2. In accordance with national legislation and practice or guidance, and taking
due account of the consultations provided for in paragraph 2.3.3, the exposure limits
should be established by:


(i) statutory provisions; or


(ii) an agreement between employers and workers at the national level which is
approved by the competent authority; or


(iii) other means approved by the competent authority, after consultation with
competent scientific bodies and with the most representative organizations of the
employers and workers concerned.2


2.4.3. Concentrations of airborne insulation wool fibres and dust in the working
environment should not exceed the exposure limits set or approved by the competent
authority.


2.4.4. Where it is reasonably practicable, or required by the competent authority,
to achieve exposures below the exposure limits, then these lower levels should be
maintained. Exposure limits should be regarded as values above which remedial action
should necessarily be taken, and as a tool to guide preventive and protective action with
a view to continuing improvement.


2.4.5 The exposure limits should be reviewed in the light of technological
progress and advances in scientific knowledge, as well as the results of workplace
monitoring and experience.


                                                
1 Appendix A provides information on international classification systems.
2 Examples of exposure limits are given in Appendix B.
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3. General duties


3.1. Manufacturers


3.1.1. Manufacturers should promote an ongoing process of product
improvement, and the establishment of databases containing validated measurements of
exposure levels in different working situations where the materials that they
manufacture are used.


3.1.2. Manufacturers should support product development which addresses issues
of potential health concern, such as the risk of a release of respirable fibres and dust
particles, the biopersistence properties, and the chemical additives.


3.1.3. Manufacturers should ensure that the products can be transported, stored,
used and disposed of with the minimal release of fibres and dust. Where practicable,
manufacturers should supply pre-cut, ready-to-install products.


3.1.4. Material safety data sheets and labels, as well as other product information
on health and safety in the use of insulation wools, conforming to the requirements of
the competent authority, should be prepared by manufacturers and made available to
suppliers and users. The production of material safety data sheets in electronic format
should be encouraged.


3.1.5. Manufacturers should initiate and maintain a process for regular
consultations with the affected parties concerning health, safety and working
environment issues relating to product development, and as regards the extent and
effectiveness of the application of the guidance and instructions given for the use of
their products.


3.2. Suppliers and importers


3.2.1. As the link between manufacturers and users, suppliers and importers
should ensure that the information and instructions of the manufacturers are transmitted
to their customers. Any repackaging by the supplier should meet the requirements set
out for manufacturers on packaging, storage, transport, labelling, material safety data
sheets and product information.


3.3. Building clients, designers and specifiers


3.3.1. Building clients, designers and specifiers should consider the potential for
fibre and dust generation during installation, use, maintenance and removal whenever
designing, selecting or specifying the use of insulation materials.
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3.3.2. Designers and specifiers should keep themselves informed regarding the
development of appropriate products in respect of health and safety, as materials
technology improves. Building clients undertaking insulation work should seek informa-
tion about the development of insulation technology and materials.


3.3.3. Specifiers should choose insulation wools which: (a) meet the necessary
insulation requirements; and (b) are least likely to result in the generation of fibres and
dust because of their intrinsic properties, method of use, and pre-supply preparation.
Specifiers should aim to use construction techniques that minimize cutting and handling
of insulation wool products on site.


3.3.4. Building clients, designers and specifiers should ensure that all
requirements of the competent authority are included in specification and tender
documents. They should maintain records of the location and type of insulation used so
as to provide the necessary information to those who may have potential for exposure in
the future.


3.3.5. Building clients and main contractors should always give preference to
contracting insulation firms which conform to the requirements of the competent
authority.


3.4. Employers


3.4.1. Employers in the user and removal industries, as well as manufacturers,
should develop and implement safe work practices which, as a minimum, conform to the
requirements laid down by the competent authority, taking into account the recognized
hierarchy of preventive and protective measures set out in paragraph 2.1.3. Employers
should be provided with assistance by the competent authority whenever practicable.


3.4.2. Manufacturing employers should ensure that the design, installation,
operation and maintenance of manufacturing processes, and the management of wastes
within the manufacturing facility, result in the lowest practicable release of fibres and
dust into the working environment.


3.4.3. Employers using insulation wools should, as far as practicable, select
appropriate products or handling methods so as to minimize the generation of fibres and
dust, and should keep themselves informed regarding the development of changing
insulation technology.


3.4.4. Employers should assess the hazards and risks, inform the workers about
them, and provide appropriate supervision. They should ensure that all workers involved
in the production and handling of insulation wools, including supervisors, receive
adequate instructions and training in safe work practices and, where necessary, in the
selection, wearing and maintenance of personal protective equipment.
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3.4.5. Employers should provide the equipment, including personal protective
equipment, necessary for the production and handling of insulation wools, and offer
appropriate washing and changing facilities for workers exposed to insulation wools.


3.4.6. Employers should ensure that exposures to fibres and dust are kept as low
as reasonably achievable, and at least below the exposure limits set by the competent
authority. Unnecessary exposures should be avoided.


3.4.7. Employers should ensure appropriate site maintenance, removal and
disposal procedures which minimize the generation of fibres and dust. Disposal should
be carried out in accordance with the requirements laid down by the competent
authority.


3.4.8 Whenever two or more employers undertake activities simultaneously at
one workplace, they should cooperate in applying the provisions of this code, without
prejudice to the responsibility of each employer for the health and safety of workers in
his or her employment. Insulation contractors should inform other workers on the job
site, including supervisors, regarding the presence of insulation wools brought on to the
site by the insulation contractor.


3.4.9. Employers should initiate and maintain a process of consultation and
cooperation with workers and their representatives concerning all aspects of safety in the
use of insulation wools specified in this code, and in particular as regards the preventive
and protective measures listed in paragraphs 3.4.1 to 3.4.8. This process should be
carried out within the framework of safety and health committees, where they exist, or
through another mechanism determined by the competent authority or by voluntary
agreements.


3.5. Workers


3.5.1. Workers should contribute to preventing, controlling and minimizing the
generation of fibres and dust, within the limitations of their responsibilities, taking into
account the information, instructions and training they have received.


3.5.2. Workers should carry out the work with insulation wools in accordance
with the instructions and training they have received in safe work practices. They should
report to their supervisor, and to the employer when necessary, any observed short-
comings in the safe work practices and their implementation.


3.5.3. Workers should report to their supervisor unusual conditions at the
workplace or affecting installations and equipment. When preventive measures, as
specified, are not taken or the appropriate personal protective equipment is not available,
workers should have the right to withdraw, until remedial action has been taken, from
such working conditions if they have reasonable justification to believe that they
endanger their health or safety.
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3.5.4. Workers should participate in instruction and training programmes
provided by the employer or required by the competent authority.


3.5.5. When required, and in the manner instructed, workers should use control
measures and properly wear the personal protective equipment provided by the
employer.


3.5.6. Workers should participate in exposure monitoring and health surveillance
programmes required by the competent authority or provided by the employer for the
protection of their health.


3.5.7. Workers and their representatives should participate in the process of
consultation and cooperate with employers concerning all aspects of safety in the use of
insulation wools specified in this code, and in particular as regards the protective and
preventive measures listed in paragraphs 3.4.1 to 3.4.8.


3.6. Competent authority


3.6.1. The competent authority, in consultation with the most representative
organizations of employers and workers, should consider making new, or updating
existing, statutory provisions for the protection of workers against exposure to fibres and
dust from insulation wools, taking into account national conditions and practice, and the
provisions of this code.


3.6.2. The competent authority, in consultation with the most representative
organizations of employers and workers, should determine which statutory provisions
should apply to classified and non-classified insulation wools according to the criteria
mentioned in paragraph 2.3.2.


3.6.3. Statutory provisions should include regulations, approved codes of
practice, exposure limits, as required, and procedures for consultation and dissemination
of information, as appropriate.
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4. General measures of prevention and protection


4.1. Introduction


4.1.1. The application of the preventive and protective measures described in this
chapter should be consistent with the classification and potential health effects of the
insulation wool, as determined by the competent authority.


4.1.2. Accordingly, the competent authority should decide which preventive and
protective measures have to be applied.


4.2. Choice of insulation


4.2.1. The choice of insulation to be used in any application should be based on a
thorough review of many factors, including:


(i) the insulation properties required;


(ii) the requirements of the competent authority;


(iii) the ability to comply with safe working practices and exposure limits during
installation, use, maintenance and removal;


(iv) the adequacy of information on known and potential health effects; and


(v) the potential for exposure to safety and health risks.


4.3. Product information


4.3.1. Information should be provided by manufacturers on the health, safety and
working environment aspects of their insulation wool products, and all information
should be in accordance with the requirements of the competent authority.


4.3.2. Information should be presented in formats, languages and styles which are
understandable to employers, workers and other users, subject to the requirements of the
competent authority.


4.3.3. Information should be revised as research results or product developments
become known.


4.4. Material safety data sheets and labels


4.4.1. Material safety data sheets should, as a minimum, meet the requirements of
the competent authority and are recommended to contain the following core
information:
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(i) identification of manufacturer, product and ingredients;


(ii) physical and chemical properties, and information on health effects, physical
hazards, environmental impact and exposure limits;


(iii) recommendations concerning safe work practices; transport, storage and
handling; waste disposal; protective clothing; personal protective equipment; and
first aid and firefighting.


4.4.2. Labels should, as a minimum, meet the requirements of the competent
authority, and are recommended to contain the following core information:


(i) signal word or symbol; identification information, including the manufacturer,
product and ingredients;


(ii) risk and safety phrases; first-aid and disposal procedures; and


(iii) reference to the material safety data sheets, and date of issue.


4.4.3. Labels should be on the outside of the product packaging, and in languages
and formats which are understandable to those who need the information.


4.5. Packaging


4.5.1. Packaging should first meet the requirements of the competent authority, or
be consistent with relevant international requirements.


4.5.2. Insulation wools should be packaged so that the appropriate labelling is
clearly visible. Packaging materials should be sufficiently strong to ensure that the
insulation wools are securely contained until used.


4.5.3. Packaging should take into consideration the needs and requirements for
safe stacking, transport and storage.


4.5.4. Consideration should be given to packaging shapes and sizes which will
facilitate handling, transport and use, as well as preventing manual handling injuries.


4.6. Transport and storage


4.6.1. Transport of insulation wools should be planned so as to avoid damage to
the product and injury to people; and provisions should be made for recovery of material
after spills or transport incidents.


4.6.2. Storage arrangements should allow for the movement of small quantities of
insulation wools to the job site as required.


4.6.3. Storage arrangements should ensure security from damage, and make
provision for recovery of material after spills or storage incidents.
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4.7. Engineering and technical measures


4.7.1. The methods adopted to control exposure to insulation wools should follow
the recognized hierarchy of preventive and protective measures listed in paragraph 2.1.3.


4.7.2. Stationary operations generating fibres and dust should be provided with
local exhaust ventilation. The exhaust ventilation should be located as close as
practicable to the emission source.


4.7.3. Movable local exhaust ventilation should be used wherever practicable if
the source of potential dust generation is not stationary, and extracted dust and fibre
captured in a sealed bag or the equivalent.


4.7.4. Local exhaust ventilation should provide for high-efficiency particulate air
filtration or an equivalent, otherwise the air should not be recirculated to the working
environment.


4.7.5. Local and general ventilation systems should be checked regularly and
maintained so that they perform according to design specifications.


4.7.6. The design, installation, operation and maintenance of all ventilation
equipment should be in accordance with the requirements of the competent authority.


4.7.7. Tools that generate the least possible amount of fibres and dust should be
provided. Cutting insulation wools with a knife generates smaller amounts of fibres and
dust than using a saw. If power tools are used to cut insulation wools, they should be
equipped with appropriate dust-collection systems and, whenever practicable, with high-
efficiency particulate air filters.


4.8. Sanitary facilities and other measures


4.8.1. Washing and changing facilities, including showers where appropriate,
should be provided for workers dealing with insulation wools. Sufficient time should be
given to the workers, during the working period, for using sanitary facilities for personal
hygiene after their work with insulation wools.


4.8.2. Inhalation of airborne particles from other sources, including those from
cigarette smoke, may increase the risk of respiratory diseases, so all work and storage
areas should be smoke-free zones and other airborne contaminants should be kept to a
minimum.


4.8.3. Appropriate first aid, including eyewash, should be provided and
maintained in good operational order. Workers should be instructed in its use.


4.8.4. Meals should not be taken in areas contaminated with insulation wools.
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4.9. Protective clothing


4.9.1. Loose-fitting, comfortable, long-sleeved clothing, standard-duty gloves,
and a cap should be worn during the use and removal of insulation wools.


4.9.2. Protective clothing contaminated with insulation wool material should be
changed as necessary, and should not be worn outside the workplace in order to prevent
skin irritation. Arrangements should be made by the employer for reusable items to be
washed regularly, and separately from other clothing.


4.9.3. Wherever practicable, clothing which minimizes general heat stress and
discomfort should be chosen, especially considering the weather conditions in tropical
countries.


4.10. Personal protective equipment


4.10.1. Personal protective equipment cannot be regarded as a substitute for
engineering and technical measures, but should be regarded as a last resort, as a
temporary measure, or for use in an emergency.


4.10.2. Appropriate personal protective equipment, which has been approved by
the competent authority, should be provided, maintained and replaced by the employer
as needed.


4.10.3. Employers and manufacturers of insulation products and, if necessary, of
personal protective equipment, in consultation with workers, should determine the need
for specific personal protective equipment for specific work, and with guidance from the
national occupational health services.


4.10.4. Appropriate eye protection, such as dust-resistant safety goggles or safety
glasses with side shields, should be worn for overhead work, or in dusty environments.


4.10.5. An appropriate particulate respirator, approved by the competent authority,
should be worn when working in enclosed or poorly ventilated spaces, or in dusty
environments.


4.10.6. Manufacturers and employers should ensure that workers required to wear
personal protective equipment are fully informed of the requirements and the reasons for
them, and are given adequate training in the selection, fit testing, wearing, maintenance
and storage of this equipment.


4.10.7. Personal protective equipment, including eye protection and respirators,
should be selected, used, maintained, stored and replaced, in accordance with standards
or guidance set or recognized by the competent authority.
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4.10.8. The requirements for personal protection should be documented and
reviewed as necessary or when conditions change. The documentation should include:


(i) a summary of the personal protective equipment requirements and persons
responsible;


(ii) results of hazard and risk assessments, any monitoring results, and the nature of
tasks, including changes to the tasks;


(iii) types of personal protective equipment required for areas and tasks, selection
procedure, and records of issue;


(iv) training and fit testing;


(v) methods and schedules for maintenance and cleaning procedures.


4.11. Housekeeping and cleaning


4.11.1. Insulation wool materials should be kept in their packaging until they are
to be used.


4.11.2. An organized housekeeping programme should be followed at all times.
Work areas should be kept clean, and scrap material and debris removed as the work
progresses.


4.11.3. Water, sweeping compounds, or vacuum equipment with high-efficiency
particulate air filters or the equivalent, should be used whenever practicable to clean
work areas. Compressed air or dry sweeping should not be used for clean-up; these
methods only blow the fibres back into the air and move them elsewhere. When the use
of compressed air is inevitable, personal protective equipment should be worn.


4.11.4. Unnecessary handling of scrap material should be avoided by keeping
waste-disposal containers and equipment as close to working areas as possible.


4.11.5. Where it is necessary to repair or maintain equipment that is either
insulated with insulation wools or covered with settled insulation wool dust, the
equipment should be cleaned by appropriate methods which do not, in themselves,
generate fibres or dust.


4.12. Waste management and disposal


4.12.1. Manufacturers, suppliers and users of insulation wools should develop
techniques which avoid or minimize the generation of waste material.


4.12.2. Where practicable, waste material and removed insulation wools should be
recycled by inclusion in the manufacturing process or in other products. All material for
recycling should be placed in clearly marked containers. Recycling practices should
meet the requirements of the competent authority.
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4.12.3. All waste and removed insulation should be collected for disposal in
accordance with the requirements of the competent authority. Waste insulation wools
should be secured in containers for disposal as approved. A suitable container is one that
prevents the release of fibres and dust. If not removed immediately, the containers
should be protected from damage.


4.12.4. Collection of waste should occur as soon as practicable after its generation,
in accordance with the methods outlined in paragraph 4.7.3; the other appropriate
preventive and protective measures set out in Chapters 4 and 5 of this code should also
be followed.
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5. Specific measures of prevention and protection


5.1. General


5.1.1. In addition to the general preventive measures outlined in Chapter 4,
specific measures should be taken concerning a number of applications of insulation
wools.


5.1.2. The following sections list specific measures which should be taken with
batt and blanket insulation, blown insulation in attics, spray-applied insulation, cavity
fill insulation, boiler, oven and pipe insulation, muffler insulation, board insulation,
uncured insulation, and insulation wool ceiling tiles, and cover the removal of
insulation wools and maintenance work.


5.2. Batt and blanket insulation


5.2.1. Tearing the product to reduce its thickness should be avoided. Instead, the
appropriate product for the intended application should be used.


5.2.2. Tearing the product by hand should be avoided. The materials should be
cut with a sharp knife. The cutting should be done against a firm foundation.


5.2.3. Whenever possible, insulation work should not be performed above
working height.


5.2.4. Workers installing batts overhead should wear appropriate eye protection
such as dust-resistant safety goggles or safety glasses with side shields.


5.2.5. Whenever possible, insulation work should be performed before the
construction and rooms are finished and closed.


5.2.6. Apart from power tools which do not generate fibres or dust, such as
powered staple guns, power tools should not be used unless fitted with adequate
exhaust extraction with high-efficiency particulate air filters, or an equivalent such as
local exhaust ventilation.


5.3. Blown insulation in attics


5.3.1. The installer who is stationed in the attic should always wear an
appropriate respirator and appropriate eye protection (see paragraphs 4.10.4 and
4.10.5).
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5.3.2. Unless they are wearing an appropriate respirator and appropriate eye
protection, workers should not be permitted to enter the work area during or
immediately after the insulation wool application.


5.3.3. The blower operator should not use a bare hand to direct the insulation
stream as it emerges from the blowing hose. A gloved hand or a deflector should be
used instead.


5.3.4. Information should be provided by the supplier on ways to minimize dust
production and “hang-up” on the rafters and joists caused by static electricity.


5.3.5. The blowing systems in the work area should be inspected, and any cracks
and openings sealed.


5.3.6. Care should be taken during a residential retrofit application to prevent
fibres from entering the living space, by using a drop sheet under the access hatch.


5.3.7. Care should be taken to avoid blowing insulation wools out of open vents
to the building exterior.


5.3.8. Any ceiling fixtures, including lights and registers, should be inspected to
ensure that there are no openings that would allow the insulation being installed to fall
through into the living space.


5.3.9. After the installation, hatch and window access locations should be
cleaned.


5.4. Spray-applied insulation


5.4.1. All spray-applied insulation should be reduced to a minimum, and should
be avoided if there are better technical alternatives.


5.4.2. Spraying machines should be set up to deliver the correct proportions of
spray insulation materials and water or adhesives. They should be properly maintained.


5.4.3. The operator of the spraying machine should always wear an appropriate
respirator and appropriate eye protection (see paragraphs 4.10.4 and 4.10.5).


5.4.4. Where the sprayed material includes binders such as cement or gypsum,
these other dusts should be assessed and included in the determination of the
appropriate personal protective equipment.


5.4.5. Entrances to stairways and elevators to floors where spray application is in
progress should be temporarily closed off to general construction traffic. “No entry”
signs should be posted at entrances.
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5.4.6. Safety tape or other appropriate means should be used to mark the areas
that are closed to construction traffic.


5.4.7. No workers, other than those performing the spray work, should be
allowed in marked-off areas unless they are wearing the necessary personal protective
equipment.


5.4.8. No spray work should commence until floor spaces within the marked-off
area have been cleared of stored material and equipment, and floors have been cleaned.


5.4.9. All hangers, clips and miscellaneous fastening devices attached to the
spray substrate should be completely installed before spray work commences.


5.4.10. Where practicable, no ducts, pipes, conduits or other installations that
might impede clear access to the spray substrate should be installed before spray work
commences.


5.4.11. Where cut-outs or attachments are to be made after completion of the
spray work, the installed sprayed material should be wetted first.


5.4.12. After spray work is completed, all overspray should be removed from
surrounding areas and the floor restored to a clean condition.


5.4.13. Where practicable, a temporary barrier, such as sheeting, should be
erected to contain overspray.


5.4.14. Loose surface fibres should be fixed in place by surface tamping, water
overspray or other suitable techniques, before the product has dried.


5.4.15. All waste insulation material should be cleaned up promptly and placed
into suitable watertight containers for disposal.


5.5. Cavity fill insulation


5.5.1. Blowing machines should be set up to deliver the correct proportions of
insulation wools and air, and should be properly maintained.


5.5.2. If required, water may be added to the insulation wool in the hopper to
minimize dust production and hang-up.


5.5.3. Cavity filling should preferably be done from the outside.


5.5.4. When drilling through masonry materials, the operation should be
assessed so as to determine the appropriate level of personal protective equipment.
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5.5.5. When cavity filling is done from inside a building, the installer in this
operation should always wear an appropriate respirator and appropriate eye protection
(see paragraphs 4.10.4 and 4.10.5).


5.5.6. No one should be permitted within 3 metres of the work area inside a
building during or immediately after the insulation wool application without wearing an
appropriate respirator and appropriate eye protection.


5.5.7. Care should be taken during a residential retrofit application to prevent
fibres from entering the living space, by sealing electric and plumbing access in the
wall.


5.5.8. After the installation, the window access location should be cleaned.


5.6. Boiler, oven and pipe insulation


5.6.1. In older buildings, a full assessment of potential asbestos contamination
should be made, and any necessary remediation completed, prior to the installation of
insulation wool boiler and pipe insulation. The building client and specifier should
carry out this assessment in accordance with the rules set by the competent authority.


5.6.2. The pipe jacketing or finish should be applied as soon as practicable after
the insulation in order to minimize the possibility of abrasion and unnecessary fibre
release.


5.6.3. The vapour, smoke and gases given off as the binders decompose at start-
up should be vented by actions such as: leaving some of the boiler panels uninstalled;
or using temporary local exhaust ventilation.


5.6.4. Because organic binders decompose to some extent at operating
temperatures above 175 °C, the binders may be burned off in the first 96 hours of
operation, depending on the temperature of the boiler or oven. The presence of workers
or other persons in the work area during this period should be avoided, or kept as short
as possible. When people remain in the area, they should wear respirators appropriate
for the decomposition products generated during this period at boiler or oven start-up.
The likely decomposition products, including any toxic gases, should be listed in the
material safety data sheet for the insulation wool.


5.6.5. Because flash fires have been reported at boiler start-up owing to excess
oil in the insulation, fire-extinguishing equipment should be available.


5.7. Muffler insulation


5.7.1. Local exhaust ventilation should be used in workplaces where insulation
wool parts are fabricated or installed into mufflers.







Specific measures of prevention and protection


21


5.7.2. A suitable pre-heating cycle, in conjunction with local exhaust ventilation,
should be applied to the finished muffler to remove any vapour, smoke or gases.


5.8. Board insulation


5.8.1. Local exhaust ventilation should be used in workshops which fabricate
thick boards of insulation wool into parts such as pipe insulation elbows, duct boards
and tapered roof insulation.


5.8.2. Return air from local exhaust ventilation should be filtered using high-
efficiency particulate air filters or their equivalent before it is recirculated into the
working environment.


5.9. Uncured insulation


5.9.1. Local exhaust ventilation should be used in workshops that mould
uncured insulation wools into parts of different shapes.


5.9.2. In the absence of adequate local exhaust ventilation, an appropriate
approved organic vapour respirator and appropriate eye protection, or a full-face
respirator, should be worn at all times.


5.9.3. If there is prolonged or repeated contact with the uncured wet product,
chemical-resistant gloves should be worn.


5.10. Insulation wool ceiling tiles


5.10.1. Power tools without appropriate dust-extraction systems should not be
used when installing insulation wool ceiling tiles. Otherwise, the tiles should be cut and
trimmed with a sharp knife.


5.10.2. An organized housekeeping programme should be followed to avoid the
accumulation of tile debris.


5.10.3. Appropriate eye protection, such as dust-resistant safety goggles or safety
glasses with side shields, should be worn when fabricating or installing ceiling tiles.


5.11. Removal and maintenance work


5.11.1. The potential for generation of fibres and dust during maintenance work
and removal of insulation wools should be identified by hazard and risk assessment.
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Care should be taken to prevent exposure to fibres and dust, and additional
requirements for safe work practices should be determined as necessary.1


5.11.2. Where practicable, the insulation should be thoroughly wetted before
removal.


5.11.3. The work area should be designated by the use of ropes and signs.
Workers not involved in the removal work should not be allowed within 3 metres of the
designated area.


5.11.4. Where applicable, workers involved in maintenance work and the removal
of insulation wools should wear appropriate protective clothing and protective
equipment.


5.11.5. All waste material should be placed in suitable containers as it is removed.
If the material is wet, it should be placed in waterproof containers.


                                                
1 The two factors determining the need for additional safe work practices are the degree of binder


burn-out in the insulation, and the potential airborne fibre and dust concentrations which may arise
during removal.
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6. Information, education, training and expertise


6.1. General


6.1.1. All those who work with insulation wool products should be provided
with information suitable to their needs.


6.1.2. This information should, as a minimum, meet the requirements of the
competent authority. It is recommended that the information contain the following:


(i) applicable laws, regulations and codes of practice;


(ii) labels and material safety data sheets;


(iii) general and specific guidance on preventive measures, in particular on the
procedures necessary to maintain exposures as low as practicable, safe work
practices including cleaning and removal of waste material, ventilation, personal
protective equipment, and protective clothing;


(iv) representative fibre and dust exposure levels associated with the job, as well as
data on the purpose and methods of workplace monitoring of airborne fibres and
dust;


(v) potential acute and chronic health effects which may result from exposure to
insulation wools; and


(vi) the responsibilities of manufacturers, suppliers, specifiers, installers, employers
and workers, as well as the need for cooperation between them.


6.1.3. The extent of instructions and training should be appropriate to the duties,
understanding and literacy of workers, and sufficiently detailed to ensure that they
understand both the safety requirements and the reasons for these requirements.


6.1.4. Instruction, training and information should be provided by employers
before commencing work with insulation wools and periodically thereafter. Wherever
practicable, this should include practical on-the-job training.


6.1.5. Employers’ training programmes should be developed in consultation
with workers and their representatives.


6.2. Advisory services


6.2.1. Employers’ and workers’ organizations should, in cooperation with
relevant health services and educational institutions, develop and maintain training
courses for general and specific work with insulation wools.


6.2.2. Manufacturers and employers should ensure that persons responsible for
the provision of information, education and training, and exposure monitoring and
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assessment, have received appropriate and, where required by the competent authority,
approved training or qualifications.


6.2.3. When necessary, manufacturers and employers should request advice and
obtain expertise as regards risk assessments where there are particular difficulties
because of multiple or combined exposures in the working environment, where health
surveillance reveals abnormal findings concerning workers’ health, or where alternative
technologies or solutions to a difficult technical problem have to be found.
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7. Surveillance of the working environment


7.1. Monitoring of the workplace


7.1.1. Employers should ensure that there are representative data on airborne
concentrations of respirable fibres, dust or both during manufacturing, installation,
maintenance and removal applications. These data should be obtained by using
databases of previous, scientifically valid, representative workplace monitoring,1 or, if
no representative data are available, by monitoring the working environment.


7.1.2. Periodic workplace monitoring should not be required when the general
and specific preventive measures set out in Chapters 4 and 5 of this code are followed,
and where there are representative data on comparable applications. However, some
measurements should be made, as necessary, to verify the effectiveness of the control
measures taken and their effective implementation.


7.1.3. Where monitoring is applicable, it should be carried out in accordance
with the requirements of the competent authority. When required, workplace
monitoring should include personal monitoring, static monitoring, or both, and should
be carried out and assessed by trained and experienced persons in accordance with rec-
ognized and scientifically accepted methods.


7.1.4. The design and implementation of workplace monitoring programmes
should be done in consultation with workers and their representatives.


7.1.5. Manufacturers and employers should make the results of workplace
monitoring available to workers, their representatives and the competent authority.


7.1.6. Based on monitoring data, the competent authorities should decide on
standardized working practices for frequently occurring work with insulation wools,
and publish them as guidance documents. The standardized working practices2 should
ensure that exposures are kept below exposure limits. Employers who apply the
standardized working practices should not be obliged to monitor exposure to fibres.


                                                
1 Examples of airborne insulation wool fibre and dust concentrations monitored during typical


manufacturing and user applications are given in Appendix C.
2 In Germany, for example, standardized working practices for maintenance work with insulation


wools are laid down in a code of practice: “Technische Regeln für Gefahrstoffe: TRGS 521 –
Faserstäube”, in Bundesarbeitsblatt, No. 10, Oct. 1996, pp. 96-105, as amended by a decision of the
Federal Ministry of Labour dated 15 September 1998, which includes a new Annex 4 entitled “Umgang
mit eingebauten Mineralwolle-Produkten im Hochbau und bei technischen Isolierungen”, ibid., No. 10.,
Oct. 1988, pp. 73-74.
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7.2. Personal and static monitoring guidelines


7.2.1. In order to evaluate the risk to the individual worker, air samples should
be collected in the worker’s breathing zone by means of personal samplers. Sampling
should be carried out while the work process is under way. Special attention should be
devoted to assessments during maintenance operations.


7.2.2. In order to obtain indications on the spatial and temporal distribution of
airborne insulation wool fibres and dusts that will guide preventive action, air samples
should be taken from static monitoring equipment which is placed: (i) at appropriate
places in the working area to ascertain dissemination of fibres and dusts; and (ii) in
working areas and at heights which represent typical worker exposures.


7.2.3. Where concentrations of fibres and dusts may vary from one work
operation or phase to another, sampling should be carried out in such a manner that the
average, and in any case the range of exposures for individual workers, can be
determined.


7.2.4. Personal sampling should be carried out at various times throughout the
work shift and, where necessary, supplemented by sampling during periods of peak
activity.


7.2.5. Exposure profiles of particular jobs or occupational categories should be
constructed from the air-sampling data of different operations and from the workers’
exposure time in these jobs.


7.3. Measuring methods and strategy


7.3.1. Concentrations of airborne respirable fibres and of dust should be
measured according to standardized procedures, and the results expressed as fibres per
millilitre of air (f/ml) or as milligrams per cubic metre (mg/m3) respectively.1, 2


Laboratory modifications of the method should be validated by reference to quality
control programmes, and approved by the competent authority.


                                                
1 The relationship between fibre and mass concentrations has been summarized as follows: “Where


fibre and mass concentrations were compared on a plant average basis a broad correlation was observed.
In general, those plants which were dusty were also the ones with higher airborne fibre concentrations;
but this relation was not consistent between different occupational groups, nor was there any detectable
correlation when mass and fibre concentrations were considered on an individual basis.” (WHO: Man-
made mineral fibres, op. cit.)


2 Two World Health Organization (WHO) publications deal with the established reference method
using a phase contrast optical microscope (PCOM) to monitor number concentration of airborne
insulation wool fibres in the workplace: Reference methods for measuring airborne man-made mineral
fibres, Environmental Health Series 4 (Copenhagen, WHO Regional Office for Europe, 1985);
Determination of airborne fibre number concentrations: A recommended method, by phase-contrast
optical microscopy (membrane filter method) (Geneva, 1998).
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7.3.2. The measurement of airborne dust concentrations (in mg/m3) in the
workplace air should be made by an approved gravimetric method.1  Dust
concentrations should be assessed in the light of the potential for the presence of dusts
other than those from insulation wools, particularly on construction sites, in attics, and
during removal of insulation wool products.


7.3.3. When required, workplace monitoring should be conducted in a
systematic way according to a monitoring programme developed after consultation with
workers and their representatives.


7.3.4. The monitoring strategy should aim to ensure that:


(i) specific operations where exposures may occur are identified and levels of
exposure are quantified;


(ii) exposures to fibres and dust do not exceed exposure limits set or approved by the
competent authority;


(iii) preventive measures are effective in their implementation for all applications and
in all jobs;


(iv) any changes in manufacturing, use or work practices have not led to increased
exposures to fibres and dusts; and


(v) supplementary preventive measures are developed as necessary.


7.3.5. At the time of monitoring, a qualitative assessment should be made of
general working conditions and the potential for exposures to other workplace
contaminants, including cigarette smoke, as well as an assessment of the level of
observance of the general and specific preventive measures as set out in Chapters 4 and
5 of this code.


7.4. Record-keeping


7.4.1. The results of workplace and personal monitoring should be collected in a
systematic way, and retained by employers for at least 20 years, or for a longer time as
determined by the competent authority. Whenever practicable, it is recommended that
the records be stored in electronic format. Arrangements should be made by the
competent authority for their conservation when an enterprise closes down.


7.4.2. Records should include all relevant data such as details of the site,
product, manufacturer, methods of use including the engineering control measures, and
availability and wearing of personal protective clothing and equipment.


                                                
1 For example, standard methods include: Standards Australia: A53640-l989: Workplace


atmospheres: Method for sampling and gravimetric determination of inspirable dust, 1989; and P.M.
Eller and M.E. Cassinelli (eds.): NIOSH manual of analytical methods, DHSS (NIOSH) Publication 94-
113 (Washington, DC, 4th edn., Aug. 1994).
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7.4.3. A worker or a person acting on his or her behalf should have access to his
or her own personal monitoring record and to workplace monitoring data relevant to his
or her own exposure. Workers and their representatives should be provided with
general information and collective data on workplace monitoring results. They should
have access to data which are relevant to the purpose of prevention and protection.


7.4.4. Taking into account that workplace monitoring is conducted for the
purpose of prevention and protection, collective data should be used to improve work
practices, engineering control methods, choice of technology, and epidemiological and
scientific knowledge. Databases should be established and operated under conditions
and in a manner consistent with these objectives. Manufacturers, employers and other
interested parties should be encouraged to communicate workplace monitoring data for
incorporation into these databases. All relevant parties should have access to such
databases for the purpose of prevention and protection at the workplace.


7.5. Interpretation and application of monitoring data


7.5.1. The interpretation of the results of workplace monitoring should include
consideration of the working conditions and engineering controls at the time of the
monitoring, and whether they were typical or atypical.


7.5.2. The results should be compared with the exposure limits determined by
the competent authority, as well as with the results of previous monitoring carried out
during the same or similar operations, at the same workplace, or under similar condi-
tions of exposure.


7.5.3. The results of workplace monitoring should be considered as levels
requiring action, if:


(i) any measurement of insulation wool fibres or dust is greater than the exposure
limits determined by the competent authority (see paragraph 2.4.3); or


(ii) any measurement is greater than those measured previously during the same or
similar operations, at the same workplace, or under similar conditions of exposure
(see paragraph 2.4.4).


7.5.4. When workplace monitoring results have been interpreted as requiring
corrective action, the necessary action should be taken in a timely manner in
consultation with the workers and their representatives. Follow-up monitoring should
be carried out when the necessary corrective and preventive measures have been imple-
mented.


7.5.5. When the results of workplace monitoring have been considered as
consistently satisfactory, the need for future monitoring, if any, should be determined in
consultation with the workers and their representatives, and the competent authority if
required.
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8. Surveillance of workers’ health


8.1. General principles


8.1.1. Health surveillance programmes for workers exposed to insulation wools
should be consistent with:


(i) the aims of occupational health as defined by the Joint ILO/WHO Committee on
Occupational Health at its 12th Session, 1995;


(ii) the requirements of the Occupational Health Services Convention (No. 161) and
Recommendation (No. 171), 1985; and


(iii) the Technical and Ethical Guidelines for Workers ‘Health Surveillance1 adopted
by the ILO in 1997.


8.1.2. The establishment of workers’ health surveillance programmes should be
based on sound scientific and technical knowledge and in accordance with the
requirements of the competent authority. A linkage should be established between the
surveillance of workers’ health and the surveillance of occupational hazards, including
insulation wools, present at the workplace.


8.1.3. The surveillance of workers’ health should be appropriate to the
occupational risks at the workplace. The assessment of the level and type of
surveillance appropriate to workers’ potential exposure to fibres and dusts from
insulation wools should be based on a thorough investigation of all work-related factors
which may affect workers’ health.


8.1.4. The design and implementation of workers’ health surveillance
programmes should be carried out in consultation with workers and their
representatives.


8.2. Medical examinations


8.2.1. As medical examinations are the most common means of health
assessment for individual workers, it is clear that they should not be carried out as a
perfunctory routine. If the provisions of this code are followed, the health surveillance
of workers exposed to insulation wools should not call for medical examinations in
addition to those required for general occupational health purposes such as lung
function tests for workers wearing respirators.


8.2.2. Workers should have the right to request a health assessment (i.e. a
medical examination or other tests, as appropriate) if a disorder occurs which they
believe to be due or related to work with insulation wools. Employers may request a
medical examination for workers in their employment, but there should be justification


                                                
1 Published as Occupational Safety and Health Series No. 72 (Geneva, ILO, 1998).
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for such an examination. In the case of recruitment, the examination should be
conducted at the end of the process, when a decision about employment of the person
has been taken in principle, but subject to the result of the medical examination and any
further restrictions on recruitment examinations laid down by the competent authority.


8.2.3. Workers should have the right of access to their own personal health and
medical files, including at the time of retirement and thereafter.
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9. Glossary


For the purposes of this code, the following definitions apply:


Amorphous:
Non-crystalline, glassy in character, having no molecular lattice structure;
synonym for vitreous.


Application:
A practice involving the use of synthetic vitreous fibre insulation wools.


Binder:
A substance that glues together otherwise loose fibres so that the product can be
shaped into batts, rolls, and so on; usually a phenol-formaldehyde or urea-
formaldehyde resin.


Biopersistence:
The ability of a fibre to remain in the lung. Biopersistence is a function of the
solubility of the fibre in the lung, and the biological ability of the lung to clear the
fibre from the lung.


Building clients:
Owners or tenants of buildings where insulation work is to be carried out.


Carcinogen:
A substance or agent that has the potential to produce or incite cancer.


Competent authority:
Any official service or public authority with the power to issue or approve decrees,
orders, regulations or other provisions having the force of law concerning the
health and safety of workers.


Employer:
A legal person who manufactures, uses or removes insulation wools, with
recognized responsibility, commitment and duties towards a worker in his or her
employment by virtue of a mutually agreed relationship. (A self-employed person
is regarded as having the duties of an employer and a worker.)


Engineering controls:
The use of technical measures such as enclosure, ventilation and workplace design
to minimize exposure.


Exposure limits:
Airborne concentrations of workplace contaminants, such as fibres or dust,
determined as appropriate for control purposes by the competent authority. The
terms adopted by the competent authority vary from country to country and
include: administrative control levels; maximum allowable concentrations;
permissible exposure limits; occupational exposure limits; and threshold limit
values.


Glass wool:
A synthetic vitreous fibre insulation wool made by melting sand and other
inorganic materials, and then physically forming the melt into fibres.
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Hazard:
The inherent potential of a substance to cause illness or injury from exposure to the
substance.


Hazard assessment:
A systematic evaluation of the intrinsic properties of substances, including the
extent of the inherent potential to cause illness or injury.


Installers:
Workers who carry out an application of insulation wools.


Insulation wools:
See synthetic vitreous fibre insulation wools.


Manufacturer:
A person who has the responsibility of both an employer who produces insulation
wools and a supplier of these insulation wools for use.


Material safety data sheet:
A document containing information about a product, including chemical and
physical properties, and health and safety considerations (similar to the chemical
safety data sheets mentioned in the Chemicals Convention (No. 170) and
Recommendation (No. 177), 1990.


Personal protective equipment:
Includes personal protective clothing.


Respirable fibres:
Defined by the WHO as those fibres with a diameter of less than 3 μm, a length
greater than 5 μm and a length/diameter ratio of at least 3:1.


Risk:
The likelihood that exposure to a hazard will cause illness or injury.


Risk assessment:
A systematic evaluation and/or quantification of risk arising from exposure to a
hazard, taking into account the severity of the consequences of exposure and
available control measures.


Rock wool:
A synthetic vitreous fibre insulation wool made by melting natural igneous rocks
and other inorganic materials, and then physically forming the melt into fibres.
Rock wool is also known as stone wool.


Slag wool:
A synthetic vitreous fibre insulation wool made by melting blast furnace slag and
other inorganic materials, and then physically forming the melt into fibres.


Specifier:
A person, including an architect, developer or owner, responsible for determining
the type and quantity of insulation wools to be installed.


Statutory provisions:
Regulations and all provisions given force of law by the competent authority.
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Stone wool:
See rock wool.


Supplier:
A person, including a manufacturer, who obtains insulation wools and supplies
them for use.


Synthetic vitreous fibre insulation wool dust:
Defined as airborne or settled non-fibrous particles of synthetic vitreous fibre
insulation wools (see synthetic vitreous fibre insulation wools).


Synthetic vitreous fibre insulation wools (glass wool, rock wool and slag wool):
Fibrous materials manufactured from glass, rock or slag with nominal diameters
ranging from 2 to 9 μm, and a variable amorphous silicate chemical composition
consisting mostly of the oxides of silicon, aluminium, calcium, sodium,
magnesium, boron, barium and potassium.


Time weighted average (TWA) concentration:
The concentration of a contaminant which has been weighted for the time duration
of the sample. High exposures of short sample duration do not “weigh” as heavily
in the calculation as do moderate levels for extended periods. Most exposure limits
are eight-hour TWA limits.


Ventilation:
Can be either local or general. Local ventilation usually involves mechanical
devices or means to capture and remove ambient air contaminants. General
ventilation refers to the removal of contaminants by renewing all the air in the
workplace.


Vitreous:
Non-crystalline, glassy in character, having no molecular lattice
structure; synonym for amorphous.


Worker:
Any person who works, whether full time, part time or temporarily, for an
employer as defined above and who has recognized rights and duties in this
respect. (A self-employed person is regarded as having the duties of a worker and
an employer.)


Workplace:
Covers all places where workers as defined above need to be or to go by reason of
their work.
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Appendix A


Systems of classification


1. General
1.1. There are many systems of classification of chemicals (e.g. toxic chemicals,


carcinogenic chemicals), materials (e.g. flammable or radioactive materials) and
equipment (e.g. lasers) at the national and international levels.


1.2. The systems of classification may have many different purposes, such as
hazard communication in relation to transport, environmental protection, waste
disposal, establishing a process of licensing (e.g. for pesticides), enacting special rules
concerning the storage of hazardous materials (e.g. flammable and explosive materials)
and establishing safe work practices (e.g. work permits). Such systems may be
prescribed by statutory provisions or contained in national or international standards.


1.3. As regards chemicals or other substances such as fibres, these systems of
classification concern irritancy, toxicity, carcinogenicity and other hazardous
properties. The classification of chemicals or other substances, such as a fibre, is an
important parameter among others for the labelling of insulation wool products, and for
preparing their material safety data sheets.


1.4. The systems of classification are also used for risk management purposes and
administrative measures such as: (i) prohibition or exemption; (ii) licensing or
registration; and (iii) certification or accreditation.


1.5. Insulation wools have, for example, been: (i) evaluated by an agency of the
WHO, namely the International Agency for Research on Cancer (IARC), as regards
their carcinogenicity; (ii) classified by an official union of European governments,
namely the European Union (EU) as regards irritancy and carcinogenicity; and (iii)
classified by an independent professional organization, namely the American
Conference of Governmental Industrial Hygienists (ACGIH) as regards their
carcinogenicity. A brief description of the criteria used for these evaluations and
classifications is given in sections 2 to 4 of this appendix.


2. Evaluation by the IARC
2.1. The IARC provides for the following categories of carcinogenicity:


(i) Group 1: the agent is carcinogenic to humans


(ii) Group 2A: the agent is probably carcinogenic to humans


(iii) Group 2B: the agent is possibly carcinogenic to humans


(iv) Group 3: the agent is unclassifiable as to its carcinogenicity to humans


(v) Group 4: the agent is probably not carcinogenic to humans.
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2.2. Insulation wools (glass wool, rock wool and slag wool) have been evaluated
by the IARC as Group 2B.1


2.3. Group 2B is generally used for agents for which there is limited evidence in
humans in the absence of sufficient evidence in experimental animals. It may also be
used when there is inadequate evidence of carcinogenicity in humans or when human
data are non-existent, but there is sufficient evidence of carcinogenicity in experimental
animals. In some instances, an agent for which there is inadequate evidence or no data
in humans but limited evidence of carcinogenicity in experimental animals, together
with supporting evidence from other relevant data, may be placed in this group.


3. Classification by the European Union
3.1. The EU has a series of Directives relating to the classification, packaging and


labelling of dangerous substances, which provide for a multifaceted classification with
a number of categories, including “irritants”, and an entry as regards the classification
of substances as carcinogens.


3.2. The category Xi comprises five entries identified by reference phrases:


(i) R38: irritating to skin;


(ii) R36: irritating to eyes;


(iii) R41: risk of serious damage to eyes;


(iv) R43: may cause sensitization by skin contact;


(v) R37: irritating to respiratory system.


3.3. Mineral woofs [man-made vitreous (silicate) fibres with random orientation
with alkaline oxide and alkali earth oxide (Na2O + K2O + CaO + MgO + BaO) content
greater than or equal to 18 per cent by weight] are classified as Xi "irritant" with the
standard phrase R38: "irritating to skin".


3.4. Substances are considered to be skin irritant (R38) if:


(i) when applied to healthy intact animal skin for up to four hours, significant
inflammation occurs which is present 24 hours or more after the end of the
exposure period ; or


(ii) practical experience shows that they are capable of causing inflammation in a
substantial number of persons.


3.5. In the EU classification, substances are determined to be hazardous on account
of carcinogenic effects if they fall into the following categories


(i) Category 1: substances known to be carcinogenic to humans


(ii) Category 2: substances regarded as if they were carcinogenic to humans


                                                
1 IARC: Man-made mineral fibres and radon, IARC Monographs on the Evaluation of


Carcinogenic Risks to Humans, Vol. 43 (Lyons, 1998).
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(iii) Category 3: substances which cause concern for humans owing to possible
carcinogenic effects, but in respect of which the available information
is not adequate for making a satisfactory assessment.


3.6. The placing of a substance in Category 1 is done on the basis of
epidemiological data. The placement of substances in Category 2 and Category 3 is
based primarily on animal experiments.


3.7. Insulation woofs (as specified under paragraph 3.3), subject to the exemption
mentioned in paragraph 3.10, have been classified as Category 3 with the reference
phrase R40: "possible risks of irreversible effects".


3.8. A substance is included in Category 3 and classified as harmful (R40) if there
is some evidence from appropriate animal studies that human exposure can result in the
development of cancer, but this evidence is insufficient to place the substance in
Category 2. Category 3 substances comprise two subcategories:


(i) substances which are well investigated, but for which the evidence of tumour-
inducing effects is insufficient for classification in Category 2 ; additional
experiments would not be expected to yield further relevant information with
respect to classification ;


(ii) substances which are insufficiently investigated; the available data are
inadequate, but they raise concern for humans; this classification is
provisional and further experiments are necessary before a final decision can
be made.


3.9. For a distinction between Category 3 and no classification, arguments
are relevant which demonstrate that the available animal data are not relevant to
humans, for example:


(i) a substance should not be classified in any of the categories if the mechanism
of experimental tumour formation is clearly identified, with good evidence
that this process cannot be extrapolated to humans ;


(ii) if the only available tumour data are liver tumours in certain sensitive strains
of mice, without any supplementary evidence, the substance may not be
classified in any of the categories;


(iii) particular attention should be paid to cases where the only available tumour
data are the occurrence of neoplasms at sites and in strains where they are well
known to occur spontaneously with a high incidence.


3.10. Commission Directive 97/69/EC1 contains two notes (Notes Q and R)
and a remark (Article 2) which apply to insulation wools. They are worded as
follows:


                                                
1 Commission Directive 97/69/EC of 5 December 1997 adapting to technical progress for the


23rd time Council Directive 67/548/EEC on the approximation of the laws, regulations and
administrative provisions relating to the classification, packaging and labelling of dangerous
substances, Official Journal of the European Communities, L 343, 13 December 1997, pp. 19-24.
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(i) Note Q: The classification as a carcinogen need not apply if it can be shown
that the substance fulfils one of the following conditions:


– a short-term biopersistence test by inhalation has shown that the fibres
longer than 20 µm have a weighted half-life less than ten days, or


– a short-term biopersistence test by intratracheal instillation has shown that
the fibres longer than 20 µm have a weighted halflife less than 40 days, or


– an appropriate intraperitoneal test has shown no evidence of excess
carcinogenicity, or absence of relevant pathogenicity or neoplastic
changes in a suitable long-term inhalation test.


(ii) Note R: The classification as a carcinogen need not apply to fibres with a
length weighted geometric mean diameter less two standard errors greater than
6 µm.


(iii) During the period of five years after entry into force of this Directive, the
Commission shall evaluate scientific developments and adopt measures to
delete or amend Note Q.


4. Classification by the ACGIH
4.1. The ACGIH1 provides for the following categories of carcinogenicity


A1: Confirmed human carcinogen
A2: Suspected human carcinogen
A3: Animal carcinogen
A4: Not classifiable as human carcinogen
A5: Not suspected as human carcinogen


4.2. Insulation woofs (synthetic vitreous fibres: glass wool, rock wool and slag
wool) have been classified by ACGIH as Category A3. Category A3 is defined as
follows: The agent is carcinogenic in experimental animals at a relatively high dose, by
routes) of administration, at site(s), of histologic type(s), or by mechanisms) that are not
considered relevant to worker exposure. Available epidemiologic studies do not
confirm an increased risk of cancer in exposed humans. Available evidence suggests
that the agent is not likely to cause cancer in humans except under uncommon or
unlikely routes or levels of exposure.


5. Proposed harmonized classification criteria under
the GIobally Harmonized System for the
classification and labelling of chemicals


5.1. Harmonized classification criteria have been proposed under the Globally
Harmonized System for the classification and labelling of chemicals. Within the context
                                                


1 American Conference of Governmental Industrial Hygienists (ACGIH): Threshold limit
values for chemical substances and physical agents and biological exposure indices (Cincinnati,
Ohio, 1997).
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of the ongoing efforts to implement the recommendations made by the United Nations
Conference on Environment and Development (UNCED) in its Agenda 21 (Chapter 19,
concerning environmentally sound management of toxic chemicals), the ILO has
initiated and is leading the process to elaborate and implement, at the international and
national levels by the end of 2000, a Globally Harmonized System (GHS) for the
classification and labelling of chemicals. This work is carried out under the joint
UNEP/ILO/WHO International Programme on Chemical Safety (IPCS), the Inter-
Organization Programme for the Sound Management of Chemicals (IOMC) and the
Intergovernmental Forum on Chemical Safety (IFCS).


5.2. Proposals have been made for classifications of skin irritation, eye irritation
and serious damage of the eye, and carcinogens:


(i) Irritant class and subclass – (a) irritant; (b) mild irritant.


(ii) Eye irritation and serious damage of the eye – (a) an eye irritant Category A
(irritating to eyes); (b) an eye irritant Category B (irreversible effects on the eyes).


(iii) Classification of carcinogens – (a) Class 1: known or presumed human
carcinogens; (b) Class 1A: known to have carcinogenic potential for humans; (c)
Class 1B: presumed to have carcinogenic potential for humans; (d) Class 2:
suspected human carcinogens.
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Appendix B


Exposure limits in various countries (as of October 2000)


Examples of exposure limits (EL) and related comments in various countries


Country EL1 EL2 Related comments
f/ml mg/m3


Australia 0.5 2.0 Exposure standard: a TWA3 exposure standard of  0.5 f/ml
(respirable fibres) for all forms of synthetic mineral fibres and a
secondary exposure standard of  2 mg/m3 (TWA) for inspirable
dust in situations where almost all the airborne material is fibrous.


Austria 0.5 – EL: 0.5 f/ml for respirable fibres measured by the WHO method.


Denmark 1.0 – Classified as a carcinogen due to IARC 2B, and included in the
general environmental list of hazardous substances with desig-
nations according to Commission Directive 97/69/EC. Specific
health and safety regulations, on installation and demolition of
insulation materials containing synthetic vitreous fibres, state that:
– insulation wools are not considered hazardous in the health and


safety regulations on hazardous substances, meaning that there
are no obligations for substitution by other products;


– insulation wools which generate the least dust should be used;
and


– general and specific provisions for preventive measures are to
be followed.


Finland – 10.0 Insulation wools are classified according to rules based on
Commission Directive 97/69/EC.
EL: Inhalable dust as eight-hour average (EN 481: 1993 CEN/TC
137)).


France 1.0 – EL: 1.0 f/ml for glass wool, rock wool and slag wool, measured as
an eight-hour TWA value.


Germany – 6.0 Exemption criteria according to the Dangerous Substances
Ordinance (Gefahrstoffverordnung), Annex V, No. 7.1(1):
– a suitable intraperitoneal test has not shown indications of


significant carcinogenicity; or
– the half-life time after intratracheal instillation of 2 mg of a


fibre suspension of fibres with a length greater than 5 µm, a
diameter smaller than 3 µm and a length-to-diameter ratio
greater than 3:1 (respirable fibres measured by the WHO
method) is less than or equal to 65 days (40 days from 1
October 2000); or


– the carcinogenicity index Kl, which is calculated from the
difference between the sum of the mass content (as a per-
centage) of the oxides of sodium, potassium, boron, calcium,
magnesium, barium and twice the mass content (as a per-
centage) of aluminium oxide, is greater than or equal to 40.


0.25 – EL: 0,25 f/ml for non-exonerated insulation wool fibres.4


Italy <1.0 5.0 EL: total dust: 5 mg/m³; fibre diameter less than 3 µm: less than
1 f/ml.
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Examples of exposure limits (EL) and related comments in various countries (cont.)


Country EL1 EL2 Related comments
f/ml mg/m3


Japan – 2.9 The Ministry of Labour guidelines for glass wool and rock wool
recommend measuring the airborne fibres or respirable dust
concentration. The administrative control level (ACL)5 is 2.9
mg/m³ for respirable dust, but no fibre concentration has been set.
Fibre counting method: JIS K3850.


Netherlands 2.0 – EL: 2 f/ml eight-hour TWA. No occupational exposure limit for
non-respirable fibres with a diameter greater than 4-5 µm.


Norway 1.0 – No official classification, but the Directorate of Labour Inspection
cites the IARC 2B classification. In the TLV list, wool insu lation
is labelled with a K, which refers to IARC 2B.
EL: 1 f/ml.


Sweden 1.0 – Insulation wools are classified according to the National
Chemicals Inspectorate rules based on Commission Directive
97/69/EC, and Sweden has issued specific rules for handling
synthetic vitreous fibres.


Switzerland 0.5 – The EL of  0.5 f/ml is for respirable fibres measured by the WHO
method.


United Kingdom 2.0 5.0 EL: 5 mg/m³ total inhalable dust eight-hour TWA, or 2 f/ml eight-
hour TWA. Both are maximum exposure limits. The 2 f/ml eight-
hour TWA applies when fibres are measured or calculated by a
method approved by the Health and Safety Executive.


United States 1.0 – Manufacturers are required to identify fibreglass as a potential
carcinogen on warning labels and provide information in the form
of Material Safety Data Sheets, under the US Occupational Safety
and Health Administration (OSHA) Hazard Communication
Standard, based on epidemiological studies which demonstrated
an increased mortality rate for lung cancer. The US OSHA also
cites the IARC 2B classification, as well as the listings of the US
National Toxicology Program (NTP).6


EL: 1 f/ml eight-hour TWA. This non-statutory limit has been
agreed to in a partnership programme between the US OSHA, the
North American Insulation Manufacturers’ Association (NAIMA)
and the users. The Health and Safety Partnership Programme
(HSPP) established a 1.0 f/ml eight-hour TWA exposure limit for
respirable synthetic vitreous fibre insulation wools. “Where
worker exposures can readily be reduced below 1 f/cc, NAIMA
recognizes that it is prudent to do so.”


Notes:   1Exposure limit for the airborne concentration of respirable fibres expressed as fibres per millilitre of air (f/ml).    2Exposure
limit for the airborne mass of dust expressed as milligrams per cubic metre (mg/m³).    3Time-weighted average.    4For production
and use of exempted insulation wool fibres, appropriate hygiene measures (“good industrial practice”) have to be applied; see
“Technische Regeln für Gefahrstoffe: TRGS 500 – Schutzmassnahmen: Mindeststandards”, in Bundesarbeitsblatt, No. 3, 1998,  p.
57.    5The administrative control level (ACL), according to the Japanese Government. has a different concept from exposure limits,
even though it was developed on that basis. The ACL is the concentration of an airborne hazardous substance providing a standard
for judging the condition of the working environment, and assumes the implementation of engineering control measures. Taking
account of the technical feasibility to secure the workplace, the work environment is evaluated in three categories safe zone, grey
zone and unsafe or hazardous zone – by statistical comparison of the measured concentration of an airborne substance with an ACL.
   6The NTP has listed “glass wool (respirable size)”, which includes special-purpose glass fibres. as “reasonably anticipated to be a
human carcinogen”. Mineral wools (rock wool and slag wool) have not been classified by the NTP.
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Appendix C


Exposures in manufacture and use


1. Historical data


1.1. The following exposure data have been published by the International
Programme on Chemical Safety (IPCS).1 They are consistent with workplace
monitoring carried out in manufacturing and user industries during the past ten years.
The available data on levels of airborne insulation wool in the manufacturing industries
include both mass concentrations of particulate matter, and respirable fibre levels.2


1.2. The average concentrations measured by phase contrast optical microscope
(PCOM) during the menufacture of glass wool insulation were of the order of 0.03 f/ml;
and concentrations in mineral wool (rock and slag) plants in the United States ranged
up to one order of magnitude higher. Corresponding concentrations in European rock-
wool plants were of the order of 0.1 f/ml.


1.3. Total inspirable dust concentrations were typically of the order of 1 mg/m³,
irrespective of the fibre type manufactured. Overall averages were 4-5 mg/m³ for one
rock wool and one glass wool plant where manufacturing was reported to be heavy or
very heavy. The situation in 13 European plants was similar.


1.4. Available data on airborne fibre concentrations associated with the
installation of insulation wool products have demonstrated that concentrations vary
considerably, depending on the method of application and the extent of confinement
within the workplace. Concentrations during installation were comparable to, or lower
than, those found in manufacturing (paragraph 1.2), with the important exceptions of
blowing or spraying conducted in poorly ventilated spaces such as attics, and during the
use of products without resin binders.


1.5. Concentrations measured during the installation of unbonded glass wool and
rock wool insulation in attics have been as high as 1.8 and 8.2 f/ml, respectively. Mean
concentrations during the installation of bonded rock-wool blankets in confined spaces
on board ships have been reported as less than 0.7 f/ml. It should be noted that the time
weighted average (TWA) exposure of insulation workers was probably considerably
less than these mean concentrations during application, as insulators often worked with
insulation wool products from less than 10 to 100 per cent of their time. It is likely that
TWA exposures may have exceeded 1.0 f/ml only for workers insulating attics or
                                                


1 WHO: Man-made mineral fibres, op. cit.
2 Further examples of historical data have been provided in Note ND 1907.150.93 from the National


Research and Safety Institute (INRS, France), which gives dust exposure levels measured between 1978
and 1991 for various types of insulation glass wools and rock wools, when used. From these, the
following personal exposure levels were measured:
- handling and blowing of mineral wool in bulk: 2.33-3.71 f/cm³ (five samples);
- laying and cutting of insulation wool: 0.08-1.49 f/cm³, and 1.45-4.92 mg/ m³ for respirable dusts (44


samples);
- for wet spraying: 0.16-0.43 f/cm³, and 1.14-3.66 mg/m³ for respirable dusts (eight samples); and
- insulation of industrial materials: 0.58-1.88 f/cm³ (six samples).
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spraying with unbonded material, and that most user applications should not have
exposures greater than 0.5 f/ml TWA.


1.6. Air at construction sites and in some industrial and domestic environments
may also contain substantial amounts of dusts other than insulation wools.


1.7. Historical data were summarized by the IARC in table 36 on page 82 of the
IARC Monographs, Volume 43,1 and a modified version of this table is reproduced in
table 1.


2. Current exposures


2.1. When general and specific preventive measures, consistent with good
industrial practice, have been followed and implemented, airborne concentrations of
insulation wool respirable fibres are expected to be less than 0.5 f/ml TWA, and
inspirable dust concentrations less than 1.0 mg/m³ TWA are to be expected during
manufacture and use of products containing resin binders.


Table 1. Ranges of airborne insulation wool fibre concentrations in
typical exposure situations (modified from IARC Monographs,
Volume 43, 1988)


                                                
1 IARC: Man-made mineralfibres and radon, op. cit.


Fibre concentration (f/ml) Location/use


<0.0001* Outdoor: rural area
Buildings: thermal insulation


0.0001–0.001* Outdoor: large cities
Buildings: ceiling boards
Ventilation systems


0.001–0.01
Coarse glass fibre Production and use
Ceiling boards Buildings: some damage,


  some ventilation ducts


0.01–0.1
Glass wool Production and most secondary production
Rock wool Production and most secondary production
Rock/slag wool Production and most secondary production
Ceiling boards Buildings: severe damage


0.1–1.0
Rock wool Some secondary production and user industry
Glass wool User industry


>1.0
Glass/rock wool, loose User industry: blowing into attic
Glass/rock wool,
  without dust suppressants Production and use


Note: * Estimated from transmission electron microscopic measurements.







Appendix C


43


2.2. An unpublished ongoing study by the Insulation Wools Research Advisory
Board (IWRAB) of the workplace exposures experienced in the Australian user
industries, where a code of practice has applied since 1990, found in 1997 the
concentrations recorded in table 2.


Table 2. Australian user industry exposure study, 1997


(a) Glass wool and rock wool: personal samples;
respirable fibres


Type of product No. of sites Respirable fibres/ml  –  No.  of results in  each category


<0.05 0.05–<0.l 0.1–0.5 >0.5 All
Batts 2 – – 3 – 3
Duct liner 8 13 10 – – 23
Blanket 2 3 – 1 – 4
Moulding wool 1 3 – – – 3
Totals 13 19 10 4 0 33


(b) Glass wool and rock wool: static samples;
respirable fibres


Type of product No. of sites Respirable fibres/ml  –  No.  of results in  each category


<0.05 0.05–<0.l 0.1–0.5 >0.5 All
Batts 2 3 – – – 3
Duct liner 8 14 – – – 14
Blanket 2 2 – – – 2
Moulding wool 1 4 – – – 4
Totals 13 23 0 0 0 23


(c) Glass wool and rock wool: static samples;
inspirable dusts


Type of product No. of sites Inspirable dust (mg/m³) – No. of results in each category


<0.1 0.1–<1.0 1.0–2.0 >2.0 All
Batts 2 – 3 – – 3
Duct liner 8 – 13 – 1 * 14*
Blanket 2 – 1 – – 1
Moulding wool 1 – 3 1 – 4
Totals 13 0 20 1 1 * 22*


* One static dust sample heavily contaminated with sprayed adhesive.
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Appendix D


Example of a format for risk assessments and action plans


1. Introduction


1.1. Risk assessment is the process whereby any hazards which have been
identified are assessed for the likelihood that they could cause adverse health outcomes
to the workers exposed to the hazards.


1.2. Risk assessments should be carried out before commencing any new work,
and should be repeated periodically, particularly whenever there are changes to existing
work procedures, equipment or materials. They should be carried out jointly by
management and supervisors, the workers and their representatives and, whenever
necessary, with the assistance of technical specialists and occupational health
professionals.


1.3. In addition to an appropriate choice of technology, built-in safety and good
engineering practice, management and housekeeping, risk assessment is a basis upon
which appropriate control measures, including safe work practices, should be developed
in order to protect workers’ health. Risk assessment should be part of the policy and
arrangements in the field of occupational safety and health that the employer should
adopt, set out in writing and bring to the notice of every worker.


2. Example of a format for risk assessment and action plans


2.1. Risk assessments concerning work with insulation wools should be carried
out according to various procedures, which may include risk assessment forms.


2.2. A number of steps can be identified in the risk assessment procedure, in
particular:


(i) recording factual information on the work carried out: site, work area, description
of tasks;


(i) assessing occupational hazards present, or which could be present, at the workplace
(e.g. during maintenance work), including consideration of classifications and
review of relevant material safety data sheets;1


(ii) recording existing work practices and control measures in a systematic manner,
including remarks concerning their efficiency or quality, as appropriate;


(iii) assessing exposures: likelihood of exposures on the basis of measurements at the
workplace or of extrapolations, and comparison with exposure limits; estimation of


                                                
1 Material safety data sheets, together with labelling, are tools for hazard communication essential to


carry out preventive action and to protect workers’ health and safety, as well as to provide reliable
information for a timely and appropriate response to accidents (first aid, emergency response).
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the magnitude of the hazard; overall assessment of the risks taking into account
both hazards and control measures;


(iv) making recommendations for improvement in the short and long term, and setting
times for their implementation; and


(v) communicating the results of the risk assessment, follow-up of recommendations
and periodic review, which may be independent or part of the systematic safety
audit that employers should undertake from time to time.


2.3. An example of a form used to assist employers and workers in the conduct of
a risk assessment and development of an action plan is as follows:


Risk assessment form used in Australia
(example only)
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Risk assessment form used in Australia (cont.)


Note: Insignificant risk: A level of risk which is considered sufficiently low not to require any
immediate changes (or any further changes) to the situation presenting this risk. Such risks
will still require periodic review.
Significant risk: The work is likely to adversely affect the health of workers.







Appendix D


47


Risk assessment form used in Australia (cont.)
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Safety in the use of mineral and synthetic fibres, Occupational Safety and Health Series No. 64.


This book considers the health effects of occupational exposure to fibrous materials other than asbestos, in
the light of the provisions of the Asbestos Convention (No. 162), and Recommendation (No. 172), of
1986. It covers man-made mineral fibres, natural mineral fibres other than asbestos, and synthetic organic
fibres. Preventive measures are defined, based on adopting safe working practices, controlling the
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health.


ISBN 92-2-106443-3 (1990) 15 Swiss francs


Occupational lung diseases: Prevention and control, Occupational Safety and Health Series No. 67.


The inherent dangers of exposure to hazardous materials and substances are a major cause for concern in
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prevention and control measures of those occupational lung diseases which appear in the Employment
Injury Benefits Convention, 1964 (No.121), as well as other acute respiratory diseases classified as
occupational injuries.
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processing and communicating health-related data. It also gives guidance on the use of data and on the
rights, responsibilities and duties of the different parties.
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Recording and notification of occupational accidents and diseases. An ILO code of practice


The practical recommendations of this code aim to improve occupational safety and health measures by
offering detailed and practical guidelines for the recording, notification and investigation of occupational
accidents and diseases, especially with a view to developing preventive measures. The provisions cover
legal and administrative arrangements, enterprise-level recording, the extension of health and safety
measures to the self-employed, the compilation of statistics and the investigation of occupational
accidents and diseases. Although they are not legally binding, they should provide valuable guidance to all
those who play a role in this area.
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Safety in the use of synthetic vitreous
fibre insulation wools (glass wool, rock
wool, slag wool)


The use of synthetic fibre insulation wools in construction has
become increasingly widespread. This ILO code of practice is
intended to be applied worldwide, and particularly in countries that
do not have, or are in the process of developing, safe work practices
in the use of insulation wools. The guidance offered will also benefit
small-scale enterprises.


The code sets out the general duties for manufacturers,
suppliers, specifiers, employers, workers and competent authorities,
all of whom have an important role to play in maintaining the
safety of the entire process, from production to waste management
and disposal. The provisions of the code cover preventive and
protective measures, information, education and training, and
surveillance of the working environment and workers’ health. The
perspective has been enlarged to establish a proper chain of
responsibility so that diversified situations in different countries are
covered.


The code takes an integrated approach since insulation wools do
not appear in their pure forms but rather as products with mixed
components. It addresses all the hazards arising from the product
(insulation fibres, binders and other materials), with regard to real-
life situations, and contains useful appendices on classification
systems, exposure data and risk assessment.


Although the code was written for insulation wools (glass wool,
rock wool and slag wool), many of its provisions could be applied to
other synthetic vitreous fibre materials.


Price: 20 Swiss francs ISBN 92-2-111629-8
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Asian context The roadmap will provide guidance for hazard evaluations of asbestos substitutes.

Critical appraisal Despite draft stage, the roadmap includes a comprehensive approach to evaluate
asbestos and mineral fibers such as sampling and analytical methods, development on
information on occupational exposures to fibers, and toxicity for fibers and fiber-like
cleavage fragments.
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Introduction

Abstract Background: For over a decade, the NIOSH Recommended Exposure Limit
(REL) has defined airborne asbestos fibers as those particles that, when
examined using phase contrast microscopy, have: (1) an aspect ratio of 3:1
or greater and a length greater than 5 μm; and (2) the mineralogic
characteristics of the asbestos minerals or their nonasbestiform analogs.
Several issues have been raised about the minerals covered by this
definition. The first issue is whether other fibrous minerals, amphiboles and
zeolites, should also be included; the second is whether the inclusion of fiber-
like cleavage fragments of nonasbestiform amphiboles is appropriate; and the
third issue is whether the specified dimensional criteria for fibers are
appropriate.

Objective: To reduce the uncertainty and controversy concerning exposure
assessment and health effects of asbestos and other mineral fibers, strategic
research endeavors are needed in toxicology, epidemiology, exposure
assessment, and analytical methods. To bridge the uncertainty gaps, this
Roadmap proposes to address the following three strategic goals: (1) to
develop improved sampling and analytical methods for fibers; (2) to develop
information on occupational exposures to fibers and health outcomes; and (3)
to develop a broader understanding of the important determinants of toxicity
for fibers and fiber-like cleavage fragments.

No./Title 22. NIOSH Mineral Fibers Work Group: asbestos 
and other mineral fibers: a roadmap for scientific 
research

National Institute for Occupational Safety and Health (NIOSH)Author/Contributor

1. Asbestos Exposure Assessment, Risk Identification, and Substitutes
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View and comment on the revised draft of "NIOSH Current Intelligence Bulletin: Asbestos Fibers 
and Other Elongated Mineral Particles: State of the Science and Roadmap for Research 


View the comments submitted to NIOSH Docket 099—"Asbestos and Other Mineral Fibers: A 
Roadmap for Scientific Research"  


The National Institute for Occupational Safety and Health (NIOSH) requests information on Asbestos 
and Other Mineral Fibers: A Roadmap for Scientific Research, NIOSH Docket Number NIOSH-
099. 


This Information is distributed solely for the purpose of pre-dissemination peer 
review under applicable information quality guidelines.  It has not been formally 
disseminated by the National Institute for Occupational Safety and Health.  It does 
not represent and should not be construed to represent any agency determination 
or policy. 


Asbestos has been a highly visible issue in public health for over three decades and abundant 
information is in the scientific literature. However, in part because of the complexity in the mineralogy, 
the scientific literature has various inconsistencies and inconclusive evidence which have led to 
uncertainties in identifying and applying the term asbestos for health and regulatory purposes.  This has 
prompted NIOSH to convene a workgroup to investigate this matter.  NIOSH is currently considering 
the scientific research needs to reduce the uncertainties used to develop worker protection policies for 
asbestos and other minerals that form elongated thoracic-size particles. Subsequently, it is expected 
that the products of this research will influence how NIOSH views occupational exposure to various 
minerals when there is a risk of inhalation to fiber-shaped particles.  This document is intended as one 
step in the process. NIOSH intends to pursue partnerships with our Federal Agency partners and other 
stakeholders to help focus the scope of the research that can contribute to the scientific understanding 
of asbestos and other mineral fibers, to fund and conduct the research activities, and to develop and 
disseminate educational materials describing results from the mineral fiber research and their 
implications for occupational and public health policies and practices. 


NIOSH has the mandated responsibility of conducting research and developing guidance on the health 
and safety of workers. Workers generally have higher exposures to toxicants and hazardous agents 
and greater health risks from these exposures than the general population. Hence, risks assessed for 
workers are generally not the same for the general population, and guidance for safeguarding worker 
health is not necessarily pertinent to the general population. Consequently, NIOSH’s definitions and 
guidance for the workplace should not be applied to the general environment without appropriate 
analyses and assessments specific for the general environment. 
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Charge to the Peer Reviewers 


NIOSH Topic: Asbestos 


NIOSH Update, February 28, 
2007  


Public Meeting: 
A public meeting will be held on 
May 4, 2007, from 9 a.m. - 4 p.m. 
at the Holiday Inn Capitol, 550 C 
Street S.W. Washington, DC. The 
purpose of the meeting will be to 
discuss and obtain comments on 
the draft document, "Asbestos 
and Other Mineral Fibers: A 
Roadmap for Scientific 
Research". 


Public meeting information 


1/2 ページDraft Document Cover sheet : Asbestos and Other Mineral Fibers: A Roadmap for Sci...


3/6/2012http://www.cdc.gov/niosh/review/public/099/







 


 
The comment period for this Docket closed at 5:00 p.m. EDT on May 31, 2007  
 
To submit comments regarding these draft publications, please identify them as relating to NIOSH 
Docket Number NIOSH-099 and use one of these options: 


 Send comments by email.    
 


 Fax comments to the NIOSH Docket Office: 513-533-8285  
 


 Send by Mail to: 
NIOSH Mailstop: C-34  
Robert A. Taft Lab.  
4676 Columbia Parkway  
Cincinnati, Ohio 45226 
 


Notice of Proposed Rulemaking on Occupational Exposure to 
Asbestos, Tremolite, Anthophyllite, and Actinolite - May 9, 1990


Comments of the National Institute for Occupational Safety and 
Health on the Occupational Safety and Health Administration's 
Notice of Proposed Rulemaking on Occupational Exposure to 
Asbestos, Tremolite, Anthophyllite, and Actinolite - April 9, 1990


AsbestosTestimony_April 
9_1990.pdf 
(15 pages, 836K)


NIOSH Technical Report: Occupational Exposure to Talc 
Containing Asbestos - February 1980 


TalcContainingAsbestosTR.pdf
(121 pages, 8100K)


The free Adobe Acrobat Reader is needed to view these files.
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Factsheet on Asbestos and Asbestos-Related Diseases

Fact 1 Annotation is not provided for this factsheet.

Fact 2

Fact 3

Fact 4

Fact 5

Annotation
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