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6.1 Asbestos-Related Diseases 

Asbestos has probably been used by humans for millenia, but widespread production and 
manufacture date to the last quarter of the nineteenth century. An early report in 1907 
described a case of severe lung fibrosis due to occupational exposure to asbestos. This was 
followed in the next two decades by more detailed clinical, pathologic, and radiologic 
descriptions of the disease (Murray 1907; Pancoast et al. 1917; Cooke 1927; Selikoff and Lee 
1978). Measures to control occupational exposure date to the early 1930s. 

The inhalation of airborne asbestos dust in an occupational setting can produce fibrosis of 
the lungs and pleura, as well as cancer in the lungs, pleura, peritoneum, and, pOSSibly, at 
distant sites (Becklake 1976; American Thoracic Society 1986; Mossman and Gee 1989; 
Roggli 1989). 

6.1.1 Asbestosis 

Asbestosis refers to diffuse or multifocal interstitial fibrosis (scarring) in the lungs caused 
by the inhalation of asbestos fibers (Craighead et al. 1982; American Thoracic Society 1986; 
Mossman and Gee 1989). Inhaled asbestos fibers that penetrate the lung to the peripheral 
air spaces initiate an inflammatory response or alveolitis (Begin et al. 1986; Robinson et al. 
1986). This inflammatory damage, if chronic, results in the development of scaning and 
nbrosis. The inflammation-nbrosis response in the lungs can be progressive, eventually 
destroying the lung's architecture and impairing its function, or it may arrest at various 
stages in its development (Becklake 1991a). The extent of lung inflammation and 
destruction is related to the amount of asbestos retained in the lungs, the fiber type and 
length, and individual susceptibility (Begin et al. 1986; Becklake 1991a). Some evidence 
suggests that more retained asbestos is required to produce asbestosis than to produce 
asbestos pleural plaques (Whitwell et al. 1977). 

All forms of asbestos may cause lung fibrosis (Becklake 1991a) and there is some evidence 
to suggest that amphiboles are more potent than chrysotile in causing asbestosis (Mossman 
and Gee 1989; Becklake 1991a). It is also likely that an appreciable amount of asbestos must 
be retained to cause clinically detectable asbestosis. There is, therefore, likely to be a level 
below which fibrosis will not occur, or will be inSignificant (Doll and Peto 1985). 

The clinical presentation of asbestosis is nonspecific (American Thoracic Society 1986; 
Mossman and Gee 1989; Becklake 1991a); the most frequent symptom is shortness of breath, 
initially on exertion, but sometimes progressing to breathlessness at rest A persistent 
cough, dry or productive of sputum, is common, even in nonsmokers. On physical 
examination, fine crackles may be heard posteriorly at the lung bases and in the axillae. 
They tend not to clear with coughing. Clubbing of the fingers is uncommon. 

The radiolOgiC appearance of asbestosis is of irregular linear opacities predominantly in the 
lower lobes. Pleural thickening or pleural plaques frequently coexist with the pulmonary 
fibrosis. Abnormality of lung function may precede radiographic abnormalities of asbestosis 
(Becklake 1976). Asbestos bodies (coated asbestos fibers) may be found in the patient's 
sputum or bronchoalveolar lavage fluid. They indicate exposure to asbestos but are not 
necessarily indicative of asbestosis. Pathologic asbestosis can be present with a normal chest 
radiograph and normal computed tomographiC scan (Akira et al. 1991), but it is unlikely 
that the subject will have significant functional impairment or symptoms. Radiographic 
changes (Gamsu et al. 1989) and abnormalities of pulmonary function (Becklake 1991a) may 
precede symptoms and, less commonly, physical findings. 
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Although microscopic areas of lung fibrosis are almost always present in asbestos-exposed 
individuals with lung cancer, the extent to which lung fibrosis is associated with cancer 
remains controversial. However, since both asbestosis and asbestos-related lung cancer are 
more frequent with heavy exposure, they tend to occur in the same individuals (McDonald 
and McDonald 1987b; Wagner et al. 1988). The International Agency for Research on 
Cancer (!ARC) recognizes asbestos as a human carcinogen (!ARC 1982). 

Pleural Diseases 

The pleural diseases produced by inhaled asbestos fibers (Stephens et al. 1987; Jones et aL 
1988a; Schwartz 1991) are as follows (see also Appendix 2, Nonmalignant Asbestos-Related 
Pleural Conditions): 

1. Fibrotic pleural plaques. These are focal areas of hyaline fibrous thickening of the parietal 
and, less commonly, the visceral pleura. All types of asbestos can cause pleural plaques. 
Pleural plaques usually occur after a long latent period of more than 15 years. Their 
prevalence increases with latency (time from initial exposure) and dose (quantity of 
fibers inhaled x number of years of exposure). Pleural plaques can impair lung function, 
probably in proportion to the extent of pleural surface involved (Bourbeau et al 1990; 
Schwartz et a!. 1990; Schwartz 1991), and also can cause respiratory symptoms 
(Bourbeau et al 1990; Ernst and Zejda 1991; Schwartz 1991). Pleural plaques also are 
associated with a higher incidence of lung fibrOSis, and this can impair lung function 
(Staples et a1 1989; Schwartz 1991). Asbestos-related pleural plaques calcify in a small 
percentage of instances, making them more easily detected on radiographs and 
computed tomographic scans. Plaques are not thought to have malignant potential, but 
are related to asbestos exposure. 

2. Asbestos-related pleuritis. Subacute exudative pleuritis, which is frequently symptomatic, 
has been described in about 5 percent of occupationally exposed asbestos workers 
(Gaensler and Kaplan 1971; Hillerdal and Ozesmi 1987; Stephens et a!. 1987). The 
condition is usually found in younger individuals within 7 to 15 years of the first 
exposure. These effusions invariably resolve but can result in an adhesive fibrothorax 
with severe impairment in lung function (Bourbeau et aI. 1990). 

3. Diffuse pleural thickening. Diffuse fibrosis of the pleura can result from the following 
(Hillerdal and Ozesmi 1987; Schwartz 1991): (1) confluent pleural plaques; (2) extension 
oflung fibrosis to the subvisceral pleural interstitium (Stephens et a!. 1987); (3) adhesive 
fibrothorax from pleuritis (McLoud et al. 1985). 

Pseudo pleural thickening from normal extrapleural fat can be difficult to distinguish 
on chest radiographs from true pleural thickening (Sargent et aI. 1984). 

Carcinoma of the Lung 

An increased incidence of several neoplasms has been found in individuals occupationally 
exposed to asbestos. The most common is bronchogeniC carcinoma or lung cancer (Saracd 
1977; Selikoff and Lee 1978; Warnock and Isenberg 1986; McDonald and McDonald 1987b; 
sebastien et aI. 1989). These tumors are histOlogically indistinguishable from those caused 
by other agents such as cigarette smoke or radon decay products. Over the past 30 years, 
epidemiologic studies have confirmed an association between asbestos exposure and lung 
cancer, even in nonsmokers (Doll and Peto 1985; McDonald and McDonald 1987b). This 
association is considered causal, although the rates in various studies have differed (Doll 
and Peto 1985). The latency period for the development of lung cancer is measured in 
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years, and the risks tend to be greater for those with higher asbestos exposure (Doll and 
Peto 1985; McDonald and McDonald 1987b). A more-than-additive risk of lung cancer may 
result from exposure to asbestos in combination with cigarette smoke (McDonald and 
McDonald 1987b). 

Pleural and Peritoneal Mesothelioma 

Mesothelioma is a rare cancer of the mesothelial cells lining body cavities, including the 
pleural and peritoneal cavities, and is the classic tumor associated with asbestos exposure 
(Doll and Peto 1985; McDonald and McDonald 1987a) (see section 6.2.3, TIme Trends in 
Mesothelioma Incidence). Pleural mesothelioma is apprOximately five times more common 
than peritoneal mesothelioma, except in a few occupationally exposed cohorts. The latency 
for the development of mesothelioma is usually 20 to 40 years or more from the time of 
initial exposure, even though instances of a shorter lapse time have been described. The 
annual incidence of mesothelioma in the United States is 1,500 to 2,500 new cases (see 
section 6.2.3, Time Trends in Mesothelioma Incidence). Most cases are associated with 
industrial asbestos exposure, either in an occupational setting or through household contact 
with an asbestos worker (McDonald and McDonald 1987a). In 10 to 30 percent of cases . 
(McDonald and McDonald 1977), however, no asbestos exposure can be ascertained. 
Whether these cases are related to occult asbestos or other agents, or constitute the 
background incidence of the disease, remains uncertain. The risk of mesothelioma increases 
with increasing cumulative exposure. All asbestos fiber types have been implicated as a 
cause of mesothelioma, with the risk being greatest for crocidolite (McDonald and 
McDonald 1977; Doll and Peto 1985). 

The pleural tumor usually originates in microscopic form as a small nodule that exfoliates 
at an early stage, causing seeding of the pleural cavity. The nodules then increase in size 
until both pleural surfaces are diffusely involved. The tumor can invade the chest wall and 
the lung, as well as spread by the lymphatic system and by a hematogenous route to other 
parts of the body in general (Craighead et a!. 1982; Hillerdal 1983). 

For a discussion of the history of mesothelioma, see Appendix 2. 

Other Cancers 

Tumors of the larynx, oropharynx, and upper and lower digestive tract have been reported 
to be increased in frequency in some cohorts of workers occupationally exposed to asbestos, 
although not in others (Doll and Peto 1987; HillerdaI1983). The excess risks of these tumors 
have been small, and asbestos exposure for the general population is unlikely to contribute 
significantly to cancers at these sites. 

Benign Lung Masses 

Benign lung masses that can simulate neoplasm are found in up to 10 percent of workers 
occupationally exposed to asbestos (Lynch et al. 1988; Hillerdal 1989). Most consist of 
rounded atelectasis, a term that describes a mass of focal inflammation and infOlding of the 
lung found with the adhesive fibrothorax of asbestos exposure. Other less extensive focal 
lung masses may also be found. These frequently occur in lobes containing lung scars, often 
with restriction of lung function. The masses may be mistaken for lung cancers and may 
require careful evaluation to exclude a neoplasm. Rounded atelectasis and other benign 
fibrous masses are unusual in workers who have not had prolonged exposure to asbestos. 
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Disease from Low Level Exposure 

All the preceding diseases have been described in association with occupational exposure 
to asbestos. Past levels of airborne contamination were, on the whole, much greater than 
current workplace levels and standards <Nicholson et aL 1982). Exposures of this magnitude 
are not likely to occur in buildings under normal use, nor are they likely to occur in 
activities related to correct maintenance and removal of asbestos-containing materials 
(ACM). Some workers in maintenance and remediation, however, may be exposed to 
appreciably higher levels of airborne asbestos, equivalent to those that caused disease in 
previous circumstances. 

However, mesothelioma (McDonald and McDonald 1977), pleural abnormalities including 
pleural plaques, and pOSSibly a low profusion of small irregular opacities on the chest 
radiograph (Anderson et al. 1979), and asbestosis have all been described in household 
members of asbestos workers. Presumably, levels of exposure in households are lower than 
those in the workplace, though measurements are not available documenting such levels 
(a limited number of measurements have been reported for workplace changing rooms [see 
Langer and Nolan 1989a]). 

The frequency and severity of disease that can be anticipated from much lower levels of 
exposure to asbestos are difficult to predict; such evidence as exists is reviewed in the 
follOwing sections, and in Appendix 2, of this report. Recent reports of pleural plaques in 
school custodians are also reviewed in Appendix 2. 

6.2 Exposure-Risk Relationships: Human Data 

6.2.1 Tissue Burden Studies 

The analysis of lung tissues for the presence of minerals suspected to cause disease has 
been carried out for more than a century. The earliest such studies focused on mineral 
dusts in the lung parenchyma and lesions associated with its presence. Crystalline silica 
and silicate minerals were among the first agents studied (Langer 1978). Mineral types, 
their amounts and character became important parameters in the evaluation of the nature 
of the agents responsible for production of the pneumoconioses. Protocols for tissue 
preparation were developed, as were analytical methodologies for dust analysis (Berkley 
et aL 1965, 1967; Langer et al. 1973). It was discovered that, depending on the dust type 
and its concentration in the lung, the techniques and instruments used for analysis 
necessarily ranged in sensitivity and specificity (Langer et al. 1973). Asbestos fiber analysis 
was difficult, especially for chrysotile (Beger 1933; Beattie and Knox 1961; Nagelschmidt 
1965). 

Regardless of the difficulties involved in tissue analYSiS, asbestos fiber type and character 
(for example, dimensions), the asbestos body, and asbestos concentration have been the 
focus of many studies for the past 70 years or more. 

6.2.1.1 Asbestos Bodies: Optical Microscopy 

The study of asbestos in the human host focused at first on the asbestos body, an iron
protein-coated asbestos fiber found with great frequency in the lungs of most asbestos
exposed workers. The instrumentation used for this assay was one of several forms of light 
microscopy, either bright field or phase contrast microscopy, and the bodies were 
enumerated in sputum, lung smears, lung scrapes, chemically digested bulk tissues, and 
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various physically and chemically modified tissue sections (see the review of Langer et aL 
1973). Study designs, materials available, analytical protocols, and study populations were 
so variable that the resulting data sets were difficult, if not impossible, to compare. 
However, the general conclusions appeared to be similar: the more asbestos bodies found 
in these preparations, the more the worker's exposure to fiber-containing dusts. The 
asbestos body became an index of asbestos exposure. Its presence in scarred pulmonary 
tissues is required for the pathologic diagnosis of asbestosis today. 

Various attempts were made to quantify the asbestos body burden. In 1967, Gold described 
a method by which asbestos bodies could be extracted from a known weight of lung tissue 
and quantified in a manner similar to the assessment of cell types in cerebrospinal fluid. 
Lung tissue was first dissolved in hot 40 percent potassium hydroxide, followed by several 
washings and centrifugation of the residue. This process, however, led to considerable loss 
of fiber on the glassware. The method was modified by Ashcroft and Heppleston (1973) 
and is still being used extensively in the estimation of lung fiber burden (Oldham 1973; 
Langer et al. 1971b; Whitwell et aL 1977; Case et aI. 1988). Many laboratories have 
developed their own preparation techniques and analytical strategies. 

Thomson and associates (1963) observed the presence of asbestos bodies in the lungs of 125 
of SOO persons with no known exposure to asbestos, who came to autopsy in Cape Town, 
South Africa. Similar studies soon followed, each using the asbestos body as an exposure 
index and each seeking some information on the possible spread of asbestos exposure 
among persons in the general population, such as Oldham (1973), Selikoff and Hammond 
(1970), and Langer and coworkers (1971a). 

The issue was then raised concerning the specificity of the asbestos body (see review in 
Langer et al. 1972a). Was this object a useful index of asbestos exposure, or was the body 
nucleated on many forms of mineral dust, not necessarily asbestos? Analysis of cores of 
asbestos bodies followed. It was found that workers exposed to the amphibole asbestos 
minerals had bodies which were nucleated on fibers specific for their exposures; that is, 
amosite workers had amosite bodies, etc. Analysis of bodies obtained from the lungs of 
persons in the general population tended to show what was then interpreted as altered 
chrysotile. In retrospect, these fibrous cores could have been called "other minerals," 
including nonasbestos fibers (Langer et al. 1970, 1972a, 1972b). The asbestos body was 
generally regarded as a useful exposure index, but had Significant shortCOmings due to its 
lack of specificity. Focus shifted back to the presence of uncoated fibers in lung tissue. 

6_2.1.2 Uncoated Fibers: Optical Microscopy 

Uncoated fibers in tissue have been studied by optical microscopy as well (for example, 
Beger 1933; Sundius and Bygden 1938; Beattie and Knox 1961; Berkley et al. 1965). 
However, the light microscope proved to be both limited in resolution and nondiagnostic 
in most cases; that is, the fiber's identity could not be ascertained (Berkley et al. 1965, 1967). 
Uncoated fibers were noted to occur with asbestos bodies, but again, their importance was 
decreased by the lack of definitive identification (Langer et aI. 1971a). 

6.2.1.3 Dust In Lungs: Bulk Techniques 

By the late 1960s to early 1970s, the analysis of mineral burden in lungs involved bulk 
tissues (frequently whole lungs), a range of tissue digestion and residue recovery 
techniques, and the use of instruments designed specifically for the characterization of 
mineral powders. The bulk powder techniques and analytical protocols proved to have 
significant shortCOmings, espedally for asbestos. The fiber population recovered tended to 
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be of very small particle size, which confounded even the best of the bulk dust techniques, 
such as x-ray diffraction analysis. These same problems existed for other bulk techniques, 
such as infrared spectroscopy, differential thermal analysis, and mass spectroscopy. A 
major obstacle was that the various techniques used to destroy pulmonary tissues in order 
to recover particles were so harsh that the likelihood of the successful recovery of an entire 
population of particles was small. These techniques were reviewed in detail by Langer and 
colleagues (1973). 

6.2.1.4 Electron Beam Techniques 

The use of transmission electron microscopy as a means of visualizing and characterizing 
asbestos fibers recovered from human tissues was first reported by Killin (1941). 

In the late 196Os, several groups laid the foundation for the use of beam techniques for 
analysiS of single, submicroscopic particles recovered from human tissues. Using 
morphology, structure (as provided by selected area electron diffraction analysis), and 
chemiStry (by a probe technique, at first by crystal spectrometry, and later by energy 
dispersive spectroscopy), single fibers isolated from pulmonary tissues could be identified 
and characterized. The specific diagnostics required for the unequivocal identification of 
a single fiber were put forward by Langer and Pooley (1973). The electron beam technique 
permitted resolution of even the finest asbestos fibrils. 

6.2.1.5 Distribution of Fiber in the Lung and Pleura 

There is no agreement on the distribution of asbestos fibers in lung tissue. Asbestos bodies 
were described by Thomson and colleagues (1%3) as being most frequently found at the 
base of the lower lobes. This has not been confirmed when asbestos fibers have been 
quantified from various sites in the lungs (Bossard et al. 1980). In fact, there has been 
considerable variation in adjoining blocks of tissue taken from the same lobe. Therefore, 
it is considered that tissue should be taken from a number of specific regions, and that 
these should be used for all investigations. Initial recommendations were made by the 
Pathology Working Group, International Union Against Cancer (UICC) (1%5). 

Only a few studies of asbestos dust in the pleura have been reported (Le Bouffant 1974; 
sebastien et al. 1979; Dodson et aJ. 1990). These authors have found short chrysotile fibers 
and fibrils in pleural tissue. However, virtually all inorganic dust drifts to the pleura, and 
it is unlikely that chrysotile alone migrates preferentially to the site. 

In conjunction with transmission electron microscopy ITEM), the size and number of 
individual fibers found in the lungs of animals suggest that both pulmonary fibrosis and 
carcinoma of the lung are associated with long fibers. Most workers consider that the 
development of mesotheliomas is associated with fibers of more than 8.0 pm in length and 
less than 0.25 pm in diameter Oong and thin) (pott 1978; Stanton et aI. 1981). Unusual 
surface properties and fiber type may modify this specific size and dimension requirement 
(Langer and Nolan 1986). 

In humans, one of the earlier findings, which was well-illustrated in the combined studies 
of sebastien and Pooley, was that numerouS fibers other than the commercial forms of 
asbestos were present in lungs (Gaudichet et al. 1980). The other finding was that all adult 
human lungs so far examined contained mineral fibers. These findings underscored two 
problems: (1) which fibers of a specific type had to be present to cause a specific disease, 
and (2) how many fibers of a specific type had to be present to cause that disease (Wagner 
1986). These two questions have led to considerable debate. 
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Epidemiologic data suggest that all types of asbestos, provided that sufficient fibers are 
inhaled, can cause asbestosis, and the greater the amount of fiber inhaled, the more severe 
the disease. This also applies to the risk of carcinoma of the lung, especially in smokers 
(Selikoff et a!. 1968). Difficulties arose concerning the amounts of chrysotile, and amphibole, 
required for the production of mesothelioma. If tissue burden data were calculated on fiber 
number, then there was far more chrysotile present in the lung than amphibole; however, 
on mass calculation, based on the same population, the amount of chrysotile was far less 
(pooley and Mitha 1986). A difficulty in using chrysotile number data was that chrysotile 
fiber bundles tend to break up by longitudinal splitting into unit fibrils. It has been 
calculated that about 100 fibrils of citrysotile are the mass equivalent of one average 
amphibole fiber (approximately 0.3 ]lm diameter) (Pooley and Mitha 1986). 

One final difficulty lies in the question of whether it is necessary for the fibers to be 
retained to cause fibrosis and carcinoma of the lung. One group of investigators states that 
long-term retention and fiber durability are required for these processes (Pooley and Mitha 
1986; Wagner 1986; for review see Mossman et a1. 1990). Another opinion is that the 
presence of the fiber in the lung for a short period is sufficient, so that although chrysotile 
is rapidly cleared from the lung, or solubilized in the lung, its presence is sufficient during 
this short period to initiate cell-mediated processes of either fibrosis or transformation (see 
discussion in Langer et a!. 1978; Nicholson et al. 1982; Nicholson 1989). Although the 
chrysotile concentrations appear to level off, indicating an "equilibrium" between deposition 
and removal, the (more durable) amphibole asbestos fibers appear to accumulate in lung 
tissue with exposure. There is thus a greater retention of amphibole asbestos fiber than 
chrysotile in the human lung. 

6.2.1.6 Importance of Tissue Burden Studies 

It has been stated that parenchymal burden is a poor indicator of the mineral agent in the 
asbestos-induced diseases. However, much information continues to be derived from these 
studies: 

1. Asbestos fibers found in lungs of most U.S. workers tend to be mixtures of mineral 
fibers rather than predominantly one type (Langer and Nolan 1989b). This is surprising 
because almost 95 percent of the total fiber consumed commercially in the United States 
during the past seven to eight decades has been chrysotile. Commercial consumption 
data are not indicative of exposure in the workplace, especially insofar as insulation 
workers and shipyard workers are concerned. 

2. Amphibole asbestos fibers tend to occur with greater frequency and concentration in 
the lungs of persons who have died from mesothelioma as compared to their 
workmates who have died of other causes. This has been observed for populations 
studied at the friction product manufacturing facility in Ferodo, and for textile workers 
in Rochdale, u.K. In both sites, more crocidolite is found in the pulmonary tissues of 
workers dying with mesothelioma than in workers dying of other causes at the same 
plant (Wagner et a!. 1982). The same is observed among U.S. insulation workers 
exposed to products that were primarily chrysotile. Amphibole asbestos is found with 
greater frequency in their pulmonary tissues (Langer and Nolan 1989b). Persons who 
died with malignant mesothelioma displayed high concentrations of amphibole asbestos 
as compared to control populations in the United Kingdom (Gibbs et a!. 1989). 

3. Tissue burden studies have enabled investigators to identify both the agents and their 
sources in the etiology of suspected asbestos-induced diseases. The occurrence of pleural 
plaques and mesothelioma in northwest Greece were shown to be related to exposure 
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to tremolite asbestos present in whitewash (stucco) (Constantopoulos et al. 1985; Langer 
et al. 1987). Mesothelioma among persons in eastern Turkey was attributed to exposure 
to tremolite asbestos, also present as a component of stucco (Yazicioglu et al. 1980). The 
occurrence of mesothelioma has been reported among persons on Cyprus exposed to 
tremolite and actinolite asbestos, an agent present in their environment (pooley and 
Clark 1979; McConnochie et al. 1989). 

4. Wagner and coworkers (1988) reported that the quantities of asbestos fiber present in 
workers dying with asbestosis were much greater than the levels of fiber found in their 
workmates dying with mesothelioma. Those with lung cancer had moderate to severe 
asbestosis, and both mesothelioma and lung cancer were associated with amphibole 
asbestos varieties rather than chrysotile. Tissue burden studies have expanded both the 
database and the understanding of the asbestos diseases. 

6.2.1.7 Studies of Persons with No Reported Exposures to Asbestos Fibers 

The question concerning asbestos exposure among persons in the general population was 
raised by Thomson and associates in 1963. As discussed above, they reported that 25 
percent of SOO persons who died in Cape Town, South Africa, with no known occupational 
exposure to the mineral, had what appeared to be asbestos bodies present in their 
pulmonary tissues at the time of death. 

The use of the asbestos body as an index of asbestos exposure was accepted, with limited 
reservations, and many similar studies soon followed in other parts of the world (for 
review, see Langer et al. 1973). The largest of these involved analysiS, by light microscopy, 
of 3,000 consecutive autopsies among three affiliate institutions in New York City (Selikoff 
and Hammond 1970; Langer et al. 1971a). The random population proffered by these 
institutions, which represented diverse social and economic strata of society, contained the 
spectrum of potential exposures to asbestos: from insulation workers to "never-worked" 
housewives. The times of their death spanned 1966 to 1968. 

Langer and colleagnes (1971a) observed that about 45 percent of the 3,000 cases had 
asbestos bodies present in their lungs at death. However, these increased in both 
prevalence and number with gender (male greater than female) and age; occupation 
appeared to be a major factor as well. A secondary study, based on 300 selected cases 
among the population, demonstrated that occupation strongly affected outcome: Trades that 
handled asbestos directiy were associated with the highest concentrations of asbestos 
bodies, followed by trades whose workers were employed in the same environment as 
"asbestos workers" (such as electricians in shipyards). Members of professional 
"white-collar" trades, such as lawyers and office workers, had levels of asbestos bodies 
indistinguishable from those found in housewives (!..anger et al. 1979). 

The shortcomings associated with this type of analysis have been recognized. Asbestos 
bodies are only a gross index of exposure. Most fibers, especially those found in the lungs 
of persons in the general popnlation, are of sizes beyond the resolution of the instrument 
used. 

A recent case report, which presented a tissue burden study of an individual who died 
with mesothelioma, concluded that the fibers found in the tissues were amosite. The 
individual's only known asbestos source was that from asbestos-containing products in the 
bullding where she worked (Stein et al. 1989). However, the published TEM and analytical 
data were found to be inconsistent for the asbestos materials in the building, bringing into 
question the conclusions of the study (Langer and Nolan 1990). 
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6.2.2 Exposure-Response Relationships for Lung Cancer and Mesothelioma 

The health hazards caused by asbestos at the levels commonly encountered in buildings 
by the general public cannot be observed directly. The available data suggest that the 
cancer risk is roughly proportional to the level of exposure. Historically, asbestos workers 
were very heavily exposed, and average levels of asbestos often exceeded 10 f/mL. Cohort 
studies of such workers suggest that those who worked for 10 to 20 years at exposure 
levels on the order of 10 flmL have suffered lifetime excess risks of about 1 in 10 for lung 
cancer and 1 in 20 or less for mesothelioma. 

Mean airborne asbestos fiber levels in public and commercial buildings with ACM that 
have recently been sampled rarely exceed 0.001 f/mL with an overall average of about 
0.0002 flmL, which is on the order of SO,OOO times lower than industrial exposure levels 
of the past. Attempts to estimate the risks that may be asSociated with such low exposure 
levels have been based on mathematical analyses of dose-response relationships derived 
from histOrically exposed cohorts of asbestos workers. Mathematical models relating cancer 
risk to age, level of asbestos exposure, and duration of exposure are needed to justify and 
refine such calculations, but unless the underlying assumptions are grossly wrong, the risks 
are unlikely to be large enough to be actually observed and measured. The scientific basis 
for such models is therefore essential to an assessment of the problem, and this section is 
devoted to this important issue. 

The four major uncertainties underlying the calculations are: 

1. The differential effects of different types of asbestos, particularly chrysotile as compared 
to amphibole varieties (amosite and croodolite). 

2 The untestable assumption that risk is proportional to exposure at levels 100,000 times 
lower than those that have been studied epidemiologically. 

3. The inadequacy of the exposure data for all industrial cohorts so far studied .. 

4. The assumption that the concentration of fibers longer than 5 jlm is an appropriate 
measure of risk. 

The evidence relating to the first of these, and particularly whether or not chrysotile is 
much less dangerous than other types of asbestos, is contentious. This ambiguity may be 
of minor importance in framing public policy; however, since many buildings contain a 
mixture of asbestos types, with the result that the possibility that the overall risk 
assessment presented in this Report may overestimate the effects of pure chrysotile is likely 
to be of limited practical relevance. 

The majority of published dose-specific estimates of the cancer risk caused by asbestos 
exposure have been based on the following statistical models: 

1. The increase in relative risk of lung cancer is proportional to cumulative asbestos 
exposure, and the effects of asbestos and cigarette smoking multiply each other. 

2 The increase in mesothelioma incidence caused by each brief period of exposure is 
proportional to the amount of that incremental exposure (exposure level x duration) 
and to a power of time since it occurred, independent of age or history of smoking. The 
power of time is approximately 2 or 3. This implies that incidence rises as the 3rd or 
4th power of time since first exposure following prolonged exposure. 
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These or similar risk assessment models have been used in various Government-sponsored 
reports, including those of the U.S. Environmental Protection Agency (EPA) (Nicholson 
1986), the National Research Council (NRC 1984), and the U.S. Consumer Product Safety 
Commission (CPSC 1983) in the United States; the U.K. Health and Safety Commission 
(HSC) (Doll and Peto 1985), in the United Kingdom, and the Ontario Royal Commission 
(1984) in Canada. Dose-specific risk estimates differ substantially between cohorts, but for 
each cohort the results of analyses by different groups and authors are similar (see 
Table 6-1). 

Table 6-1. Comparison of Lung Cancer Risks Estimated by Various Groups or Individuals from Studies 
of Asbestos-Exposed Workers' 

Percent Increase in Lung Cancer Per f-ylmL of Exposure (100 x KL) 

Ontario 
Royal 

Study EPAb CPSC' NRC' Commission'" HSC' 

Dement et al. (1983b) 2.8 2.3 5.3 4.2 
McDonald et al. (1983a) 2.5 1.25 
Peto et al. (1985)' 1.1 1.0 0.8 1.0 0.54 
McDonald et al. (1983b) 1.4 
Berry and Newhouse (1983) 0.058 0.06 0.058 
McDonald et al. (1984) 0.010 
McDonald et al. (1980) 0.06 0.06 0.06 0.020 - 0.046 
Nicholson et al. (1979) 0.17 0.12 0.15 
Rubino et al. (1979) 0.075 0.17 
Seidman (1984) 4.3 6.S" 9.1" 
Selikof! et al. (1979) 0.75 1.0 1.7 1.0 
Henderson and Enterline (1979) 0.49 0.50 0.3 0.069 
Weill et al. (1979) 0.53 0.31 
Finkelstein (1983) 6.7 4.8 4.2: 
Newhouse and Berry (1979) 

Males 1.3 
Females 8.4 

Values used for risk extrapolation 1.0 0.3 - 3.0 2.0 0.02 -4.2 1.0 

• Adapted from Nicholson (1986). ! U.K. Health and Safety Commission (0011 and Peto 1985) . 

b U.S. Environmental Protection Agency (Nicholson 1986). g Earlier reviews cited Peto (1978) or Peto (1980). and some 
noted that all men employed after 1951 suffered a higher 

co U.S. Consumer Product safety Commission (1983). dose-specifiC risk (100 x K, = 1.5). 

d National Research Council (1984). " Data from Seidman and coUeagues (1979). 

• Ontario Royal Commission (1984). i Unpublished data supplied to the Commission . 
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6.2.2.1 Lung cancer 

Dose-Response Model for Lung cancer 

The lung cancer model outlined above implies that the incidence (or standard mortality 
ratio [SMR]) for lung cancer folloWing asbestos exposure is given by the formula: 

IL (a,y,d,fJ = Iu (a,y) x (1 + KL ·f 'd) (6.1) 
or, equivalently, by 

SMR = IcIIu = 1 + KL·f·d (6.2) 
IL (a,y,d,fJ denotes lung cancer incidence in a population of age a, in calendar period y, 
follOWing asbestos exposure of duration d at an average exposure level f (measured in 
fibers or particles per unit volume of air). 

Iu (a,y) is the age-specific and calendar-year-specific lung cancer rate in an unexposed 
population With similar smoking habits. KL is the proportional increase in lung cancer risk 
per unit cumulative dose. Thus, for example, a value of KL of 0.01 per flmL-year would 
imply that the lung cancer risk is doubled at a cumulative dose of 100 f/mL-years. It is 
assumed that KL is independent of age and duration of exposure, and is the same for 
smokers and nonsmokers. KL is thus a constant that reflects the carcinogenic potency of the 
asbestos. In practice the model is usually applied to lung cancer mortality rather than 
incidence. 

The cumulative exposure, f . d, is sometimes calculated alloWing a lapse of 5 or 10 years, 
to allow for the delay between appearance of malignancy and diagnosis or death. The 
equation can be fitted in three different ways: 

1. Using individual exposure estimates for each individual in a prospective study. 

2. Using exposure estimates for lung cancer cases and matched controls. The relative risk 
(RR) rather than the SMR is then modeled. 

3. Relating the average cumulative exposure of the whole cohort to the overall SMR 

Cigarette Smoking 

The lung cancer model implies that the effects of cigarette smoking and asbestos on lung 
cancer risk are multiplicative. This would mean that the smoking-specific relative risk for 
asbestos exposure is the same in smokers and nonsmokers, so an exposure which doubles 
the rate among smokers (from a lifetime risk of about 1 in 10 to 1 in 5) will also double the 
rate among nonsmokers (from about 1 in 200 to 1 in 100). It is not known whether this is 
exactly true, as lung cancer is so rare among nonsmokers, even after quite heavy asbestos 
exposure, that their risk cannot be estimated precisely. The pooled data from published 
studies suggest that the smoking-specific relative risk due to asbestos exposure for 
nonsmokers is approximately tWice that among smokers (Berry et aI. 1985). These authors 
also noted, however, that this difference could be due entirely to misclassification of 1 
percent to 2 percent of current or exsmokers as lifelong nonsmokers. The difference, if any, 
is of little practical importance, as the lung cancer risk is certalnly low in nonsmokers, 
among whom mesothelioma is the major cause for concern, particularly when asbestos 
exposure begins at an early age. 

In fitting equations 6.1 and 6.2, the most appropriate local or national rates should be used 
to estimate Iu, the rate in unexposed workers. To the extent that the workers' smoking 
habits differ from those of the community whose rates are used, the calculated SMRs Will 
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be incorrect. This, however, is not likely to lead to errors in excess of 30 percent (Asp 1984; 
Axelson 1989). For example, correction for actual smoking rates among insulators decreased 
the calculated lung cancer SMR by only 10 to 20 percent (Nicholson 1986). In studies in 
which the relative risk of lung cancer exceeds 2.0, the absence of detailed smoking habits 
is of limited importance. Nevertheless, some authors have preferred to calculate relative 
risks, using controls from within a cohort, rather than SMRs, or to present both analyses. 

Cohorts That Have Been Used to calculate Dose-Specific Lung cancer Risks 

National reviews have varied in their selection of cohorts to use for deriving dose-specific 
lung cancer risk estimates. They range from the EPA review (Nicholson 1986), which 
presents risk estimates for all studies for which any exposure estimates were aVailable, to 
the British HSC review (Doll and Peto 1985), which reviews only the three cohorts with 
individual employment records for which extensive measurements were available for the 
1950s or earlier (the chrysotile textile factories in Rochdale, U.K., and in South Carolina, 
and the Quebec chrysotile miners and millers). The risk estimates derived by the various 
reviews from the studies then available are summarized in Table 6-1 (more recent reports 
on some of these cohorts are shown in Table 6-5). These include two cohorts with revised 
populations and exposure data and a longer follow-up. 

1. An asbestos cement workers' study (Weill et aI. 1979) has been updated in Hughes and 
associates (1987), which also includes a review of more recent evidence on asbestos 
cement workers. 

2. The chrysotile textile cohort studied by Pelo (1980), which has been enlarged and 
updated by Peto and associates (1985), includes methodological details of exposure 
estimation and dose-response modeling. 

3. Three other dose-response studies, shown in Table 6-1, have also been updated: a 
friction product cohort study (Berry and Newhouse 1983), updated by Newhouse and 
Sullivan (1989); a mixed product manufacture study (Newhouse and Berry 1979), 
updated in Newhouse and coworkers (1985); and a chrysotile miners and millers study 
(Rubino et al. 1979), updated by Piolatto and colleagues (1990). In general, these 
updated and revised analyses have given similar results to those shown in Table 6-1. 

4. The only qualitative addition to the evidence on dose-response that was available in 
1984 is the update of the Australian crocidolite miners study (Armstrong et al. 1988; de 
Klerk et al. 1989), for which no exposure data were previously published. The 
surprising conclusion that their dose-specific lung cancer risk is similar to that of 
workers exposed to other types of asbestos is discussed under Dose-Response Relationship 
for Amphiboles in section 6.2.2.4, Risk Assessment. 

The risk estimates, Kv shown in Table 6-1, are subject to several substantial errors. The 
most important are statistical (Poisson) variations in numbers of lung cancer deaths and 
measurements of particles (subsequently converted to fibers) as an index of carcinogenicity. 
The risk estimates derived from different studies differ by two orders of magnitude, and 
it is not clear how much of this variation can be attributed to these sources of error. Further 
possible reasons for the observed heterogeneity include errors in the model, differences in 
fiber type and dimensions, random or systematic inaccuracies in exposure measurements, 
and the use of inappropriate lung cancer rates in calculating SMRs. Figure 6-1 summarizes 
the conclusions of the only review that has attempted a formal analysis of this variation 
between different studies. In the EPA report, Nicholson (1986) presented explicit confidence 
limits for each estimate of 1<:,., taking account of statistical variation (vertical bars in Figure 
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6-1) and assuming twofold (and in some cases greater) uncertainty in exposure estimates 
(vertical lines in Figure 6-1). For some cohorts, adjustments were also made for suspected 
biases, particularly the use of inappropriate lung cancer rates. Excluding the substantially 
lower risks per unit exposure observed for chrysotile mining and milling, this analysis gave 
an inverse variance-weighted geometric mean for KL of 0.01. The oniy study that gave a risk 
estimate siguificantly higher than this central estimate was the Ontario asbestos cement 
products factory studied by Finkelstein (1983). In view of the dubious basis of the exposure 
estimates and the inconsistency of the exposure-response relationship to lung cancer, 
however, the dose-response data for this plant have been dismissed by other authors as too 
unreliable to justify consideration (Doll and Peto 1985; Uddell and Hanley 1985). The only 
other significant inconsistency was the low risk observed in chrysotile friction product 
manufacture. 

The heterogeneity discussed above has been interpreted in various ways by different 
reviewers. The EPA report (Nicholson 1986) concluded that the dose-specific risk was lower 
among chrysotile miners and millers, but other cohorts did not differ Significantly from the 
overall median, taking account of uncertainties in the exposure estimates. The U.K. Health 
and Safety Commission (HSC) report (Doll and Peto 1985) calculated the risk only for 
chrysotile textile workers, and stated that the exposure data for other cohorts were too 
unreliable to justify any finn conclusion. The CPSC (1983) presented risk estimates 
spanning a 10-fold range of uncertainty, centered on the overall median. The average 
adopted by the HSC and the median values calculated by the EPA, the CPSC, and the NRC 
(1984) were, however, all virtually identical. 

Validity of the Lung Cancer Model 

The model implies that the excess SMR or relative risk of lung cancer is (1) independent 
of age at exposure to asbestos, (2) independent of smoking habits, (3) independent of time 
since stopping exposure, (4) proportional to duration of exposure, and (5) proportional to 
average level of exposure for a given duration of exposure. 

The first two predictions have been examined in a number of studies and are at least 
approximately true. There is evidence that the relative risk eventually falls after stopping 
exposure (Walker 1984; Peto et a!. 1985), although this may be the result of selection of a 
survivor population at lower relative risk due to the preferential elimination of cigarette 
smokers or individuals who have had particularly high exposure. Evidence for the effect 
of exposure duration appears somewhat inconSistent, as short-term workers have suffered 
disproportionately large risks in some, but not all, cohorts. This may be due to various 
factors, including unusually heavy smoking habits among transient workers and the use 
of inappropriate reference rates to calculate the SMR The last and crucial prediction, that 
risk is proportional to average level of exposure, cannot be adequately tested, as historical 
exposure levels can never be estimated accurately (see section 6.223, Measurement of 
Asbestos Exposure), and few cohorts have been Simultaneously analyzed by both duration 
of exposure and average level of exposure. An approximately linear relationship between 
cumulative exposure and excess relative risk has, however, been observed in a number of 
studies. 
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6.2.2.2 Mesothelioma 

Dose-Response Model for Mesothelioma 

According to the model for mesothelioma described above, the incidence or death rate 
caused by a period of exposure beginning at time I, and ending at time I, at a constant 
exposure level f (measured in fibers or particles per unit volume of air) is given by the 
following formula. 

IM(I) = KM • f . [(I-I,)" - (I-I,)"] (6.3) 
IM(I) denotes the mesothelioma incidence (or death rate) at time I, and the exponent n is 
about 3 or 4. (In the basic model, the increase in incidence caused by a brief exposure is 
proportional to ineremental cumulative dose multiplied by In, where I is time since the 
ineremental exposure and n is 2 or 3. This formula is integrated to give equation 6.3.) KM 
is a constant reflecting the mesothelioma risk per unit of exposure. TlIlle since first 
exposure equals (I-I,), and time since stopping exposure equals (I-I,). The model implies 
that the risk will continue to increase after exposure ceases, and the risk at any given 
interval after exposure will be independent of both age and cigarette smoking. The effect 
of each increment of exposure is assumed to be additive, so for a series of exposures of 
different intensities f; the overall inddence will be 

(6.4) 

where the ith period of exposure begins at time III and ends at I •• It has been suggested 
that the model should be fitted with a lag of about 10 years (peto et al. 1982; Nicholson 
1986). This reduces the estimated value of n by about 1 and alters Kw but has little effect 
on the overall pattern of predicted risk. For cohorts in which individual exposure data are 
not available, the model can be fitted approximately using equation 6.3, replacing f by 
average exposure level. 

Cohorts That Have Been Used to calculate Dose-Specific Mesothelioma Risks 

One unsatisfactory aspect of the published literature On mesothelioma is the lack of 
adequately analyzed mortality data. The death rate rises sharply with time since exposure, 
yet only a few data sets have been analyzed by time since first exposure, and oniy four of 
these reports also provided estimates of average exposure level. These were analyzed by 
the CPSC (1983) and the EPA (Nicholson 1986), fitting equation 6.3 with a lag of 10 years 
and n = 3. Thus, 

IM(I) = KM 'f' [(1-1,-10)" - (1-1,-10)'] (6.5) 
where (I-I,) is time since first exposure, and (t,-t,) equals duration of exposure. Three of 
the resulting estimates of KM were similar (between 1 and 3 x 10-'), but that from the study 
of Finkelstein was much higher (1 x 10-7

; Table 6-2). (A subsequent, more detailed analysis 
of the British textile workers' data, with an enlarged cohort and longer follow-up [peto et 
al. 1985]. gave a prediction for this cohort similar to that shown in Table 6-2, using 
individual exposure data to fit equation 6.4 with n = 4.) Pleural and peritoneal 
mesotheliomas were combined in these analyses. There are, however, serious weaknesses 
in all four studies shown in Table 6-2, particularly for assessing the effects of chrysotile. As 
noted above, the exposure data and results for the cement factory workers' study reported 
by Finkelstein (1983) are of doubtful reliability for quantitative risk assessment; also, the 
contemporary exposure data are very limited for the insulation workers (Selikoff et al. 1979) 
and for the amosite insulation products workers (Seidman et al. 1979). Moreover, none of 
these historical cohorts was exposed only to chrysotile. Some crocidolite was used in the 
textile factory studied by Peto and associates (1985), and the insulation workers were 
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heavily exposed to amosite and chrysotile, and in some cases, to small amounts of 
crocidolite. 

Table 6-2. Four Estimates of K", the Index of Dose·SpeciflC Mesothelioma Risk" 

Assumed Assumed 
Employment Exposure Estimatad Valua 

Study Duration (f/mL) of K" 

Insulation workers 25 15 1.5x 10'" 
(Salikoff at al. 1979; Peto et al. 1982) 

Textile workars' 25 20 1.0xl0'" 
(Peto 1980; Peto et al. 1982) 

Amosite factory workers 1.5 35 3.2 x 10'" 
(Seidman at al. 1979) 

Cement factory workers 12 9 1.2xl0-7 

(Finkelstein 1983) 

• From Nicholson 1986 (reprinted with pennission); see equation 6.5. 

b Pete and associates (1985) derived similar results in an update of this study with an enlarged cohort. 

In the absence of any satisfactory basis for direct estimation of the dose-specific 
mesothelioma risk caused by any specific type of asbestos, particularly chrysotile, this 
report evaluates previous reviewers' predictions for mesothelioma by comparing observed 
and predicted ratios of mesothelioma to excess lung cancer in different cohorts. The lifetime 
risks of mesothelioma shown in Table 6-3, which are similar to those in the EPA report, 
were calculated from equation 6.5 with KM = J(,', although Nicholson's (1986) figures must 
be divided by about 4.5 to convert from continuous exposure to exposure for 40 hours per 
week. The lung cancer risks were calculated from equation 6.1 with K,. = 0.01, using U.S. 
lung cancer rates for 1986. The lifetime (to age SO) lung cancer risk in the U.S. general 
population is now 6 percent for men and 3 percent for women. Lung cancer risks to 
smokers are likely to be a least 50 percent higher than those shown in Table 6-3, while 
predicted risks to nonsmokers are more than 10 times lower. For mesothelioma, however, 
the risk is independent of smoking. The consistency of these predicted risks and their ratios 
to observed risks are discussed in Dose-Specific Risk for Chrysotile and Mixed Exposures and 
Dose-Response Relationship for Amphiboles, under section 6.2.2.4, Risk Assessment. 

Validity of the Mesothelioma Model 

The model for mesothelioma was proposed to explain the observation that mesothelioma 
incidence is independent of age and is approximately proportional to the third power of 
time since first exposure (or, almost equivalently, to the square of time since first exposure 
minus 10 years) (peto 1979; Peto et al. 1982), but neither the predicted relationship to 
duration nor the assumption of a linear dose-response relationship has been adequately 
tested. In spite of its widespread adoption as a hasis for risk assessment, the model has 
been formally fitted in only one cohort in which individual exposure data were available 
(peto et al. 1985). 
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Table 6·3. Lifetime (Up to Age 80) Lung Cancer and Mesothelioma Risk Per 1,000,000 for Asbestos 
Exposure 40 Hours Per Week at an Average Level of 0.0001 f/mL' 

Age at 
Duration of Exposure 

(years) 
First Type of 

Exposure Cancer 1 5 10 20 

Predicted Risks in Men 

0 Lung 0.1 0.3 0.6 1.3 
Meso 0.2 1.1 1.9 3.0 

10 Lung 0.1 0.3 0.6 1.3 
Meso 0.1 0.6 1.1 1.7 

20 Lung 0.1 0.3 0.6 1.3 
Meso 0.1 0.3 0.6 0.9 

30 Lung 0.1 0.3 0.6 1.3 
Meso 0.04 0.2 0.3 0.4 

50 Lung 0.1 0.3 0.7 1.3 
Meso < 0.01 0.01 0.02 0.02 

Predicted Risks in Women 

0 Lung 0.03 0.1 0.3 0.6 
Meso 0.3 1.3 2.2 3.6 

10 Lung 0.03 0.1 0.3 0.6 
Meso 0.2 0.8 1.3 2.1 

20 Lung 0.03 0.1 0.3 0.6 
Meso 0.1 0.4 0.7 1.0 

30 Lung 0.03 0.1 0.3 0.6 
Meso 0.05 0.2 0.3 0.4 

50 Lung 0.03 0.1 0.3 0.6 
Meso < 0.01 0.02 0.03 0.03 

Based on 1986 U .$. national lung cancer mortality rates. These lung cancer risks should be multiplied by about 1.5 for smokers, 
and about 0.1 for nonsmokers. 

Differences in Prediefed Pattems of Excess Lung Cancer and Mesothelioma Between 
Cohorts. The models outlined above (or similar alternatives, using different exponents and 
lag times in the equation for mesothelioma) have been used in a number of reports to 
calculate lifetime risks of lung cancer and mesothelioma for various ages at first exposure 
and durations of exposure at a given average fiber level (peto 1979; CPSC 1983; Ontario 
Royal Commission 1984; NRC 1984; Doll and Peto 1985; Nicholson 1986). As is evident 
from Table 6-3, the eventual lung cancer risk is assumed to be independent of age at 
exposure, but the predicted mesothelioma risk is much greater when exposure begins at 
an early age. These models therefore predict that the mesothelioma risk exceeds the lung 
cancer risk, even among smokers, for childhood exposure, whereas exposure in middle age 
results in a substantially lower mesothelioma risk. Among nonsmokers, the lung cancer risk 
is much smaller than the mesothelioma risk irrespective of age at exposure. 
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Such calculations of lifetime lung cancer risk have to be based on national or local lung 
cancer rates, since the model for lung cancer gives an estimate of relative risk rather than 
absolute risk. There have, however, been substantial changes in lung cancer risk between 
about 1960 and 1980 (the period of observation in which most deaths occurred in the 
majority of cohort studies), as well as large differences between the sexes and between 
different countries. The effect such differences might have on the ratio of excess lung cancer 
to mesothelioma in different cohorts is shown in Table 64. Table 64a gives U.S. death rates 
for lung cancer for 1968, 1978, and 1986, and also rates for England and Wales for 1976 to 
1980, together with Iifethne lung cancer risks. Corresponding predicted ratios of excess lung 
cancer to mesothelioma, calculated as in Table 6-3, in cohorts observed over these periods 
are also shown. Prior to 1978, the ratio is always three or more thnes greater for men than 
for women, and higher in men in England and Wales than in the United States. Exposure 
from age 30 rather than 20 causes a similar lung cancer risk but a lower mesothelioma risk, 
and hence a higher ratio. 

Table 6-48. Annual U.S. and U.K. General Population Lung Cancer Death Rates (xl0-5) 

Lung Cancer Death Rate 

England and Wales 
U.S. 1986 U.S. 1978 U.S. 1968 1976 -1980 

Age M F M F M F M F 

35-39 4 3 6 3 8 3 5 3 

40-44 16 9 20 11 22 8 14 6 

45-49 41 23 50 23 45 13 40 16 

50-54 94 47 104 40 87 22 100 36 

55-59 170 76 167 56 145 28 178 48 

60-64 270 108 262 75 225 33 332 85 

65-69 362 138 347 84 288 39 494 102 

70-74 468 161 448 85 349 42 663 111 

75-79 542 149 450 81 308 46 795 113 

Lifetime 
risk (%) 6% 3% 60/0 2% 5% 1% 80/0 2"10 

Table 6-4b. Corresponding Ratio of Lifetime (to Age 80) Lung Cancer to Mesothelioma Risks in 
Cohorts of Asbestos Workers Exposed for 20 Years 

Country and Period of Follow-up 

England and Wales 
U.S. 1986 U.S. 1978 U.S. 1968 1976 -1980 

Exposed from: M F M F M F M F 

Age 20 1.5 0.6 1.4 0.4 1.2 0.2 1.9 0.4 

Age 30 3.6 1.3 3.4 0.9 2.8 0.4 4.7 1.0 
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This substantial variation in lung cancer rates over time and between sexes and countries 
and the even larger differences in mesothelioma risk related to age at first exposure have 
two important implications. First, lifetime predictions of lung cancer risk should be 
modified to allow for future trends and differences between countries. Over the last 10 
years, U.S. rates below age 45 have declined substantially, particularly for men, due partly 
to reductions in smoking, but this decline is also thought to be related to reduction in tar 
level. Female rates are, however, still rising sharply at older ages, due to earlier increases 
in smoking. Lifetime risks to American children are thus likely to be lower than current 
figures would suggest, at least for males. 

Second, crude comparisons of the ratio of excess lung cancer to mesothelioma between 
different cohorts must be interpreted cautiously. This ratio would be expected to be low 
among women, lower in the United States than in Britain, and higher in groups, such as 
the U.S. World War II shipyard workers, that included a disproportionate number of older 
recruits. 

Differences Between Asbestos Types. Peritoneal Mesothelioma. Almost all reported 
mesotheliomas among chrysotile workers (usually with some exposure to crocidolite 
and/or tremolite) are pleural, whereas workers with some amosite exposure have suffered 
similar (and sometimes higher) risks of peritoneal and pleural mesothelioma: Evidence on 
the peritoneal-to-pleural ratio for mesotheliomas caused by crocidolite appears to be 
inconsistent. Several peritoneal mesotheliomas occurred among female gas mask workers 
exposed mainly to crocidolite (Table 6-5), but almost all mesotheliomas among Australian 
crocidolite miners were pleural (Armstrong et al. 1988). Differences between cohorts in the 
incidence of peritoneal mesothelioma may, however, be exaggerated by differences in the 
completeness of ascertainment In five of the studies listed in Table 6-5 pathologiC 
examination Was undertaken of all available abdominal and disseminated tumors to verify 
the diagnosis (Newhouse et al. 1985; Selikoff et al. 1979; Seidman et al. 1979). In each case 
a substantial number of peritoneal mesothelioma deaths were misrepresented on death 
certificates. The five cohorts described in these three reports account for three-quarters of 
the peritoneal mesotheliomas that have occurred in published cohort studies of asbestos 
workers (Table 6-5), and all five cohorts had extensive exposure to amosite. Comparable 
reviews were not conducted for most of the cohorts exposed predominantly to other 
asbestos types. 

Pleural Mesothelioma. Direct comparison of workers exposed for similar durations to 
different forms of asbestos (such as in mining Or gas mask manufacture) indicates a much 
higher mesothelioma risk for crocidolite than for chrysotile. Chrysotile friction products 
workers in Britain suffered no detectable increase in lung cancer, and most of the 
mesotheliomas in this cohort occurred in the subgroup of workers who were known to 
have been exposed to crocidolite (Berry and Newhouse 1983; Newhouse and Sullivan 1989). 
Chrysotile textile workers in Britain suffered a high risk of mesothelioma (Peto et al. 1985), 
in contrast to those in South Carolioa (Dement et al. 1982), although in both cohorts there 
was a substantial lung cancer risk. One difference between these two textile plants was the 
use of some crocidolite in the British plant. This was less than five percent of the fiber 
processed, although there are no data on the resulting contribution to the airborne level. 
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Table 6-5. Lung Cancer and Mesothelioma Mortality in Various Studies' 

Lung Cancer" Mesothelioma' 

Observed-
Study and Fiber Type Observed" Expected Expected Pleural Peritoneal Totar 

Chrysotile 

Acheson et al. 1982 (F)' 6 4.5 1.5 0 

Dement et al. 1983a,b 35 11.1 23.9 0 1 1 

McDonald et al. 1983a 59 29.6 29.4 0 1 

McDonald et al. 1980 230 184.0 46.0 10 0 10 

Nicholson at al. 1979 25 11.1 13.9 0 1 

McDonald et al. 1984 73 49.1 23.9 0 0 0 

Piolatto et aI. 1990 22 19.9 2.1 2 0 2 

Weiss 19n 4 4.3 -0.3 0 0 0 

Predominantly chrysotile 

McDonald et al. 1983b 53 50.5 2.5 10 4 14 

Robinson et al. 1979 49 36.1 12.9 4 5 13 

Robinson et al. 1979 (F) 14 1.7 12.3 1 1 4 

Mancuso and EI-Attar 1967 33 14.8 18.2 8 9 

Pelo et al. 1985 152 106.0 46.0 18 0 18 

Thomas et al. 1982 22 25.8 -3.8 2 0 2 

Ohlson and Hogstedt 1985 9 5.7 3.3 0 0 0 

Gardner et al. 1986 41 42.4 -1.4 0 1 

Amosite 

Acheson et al. 1984 57 29.1 27.9 4 1 5 

Seidman et aI. 1979 83 21.9 61.1 7 7 14 

Predominantly crocidolite 

Achason at al. 1982 (F) 13 6.6 6.4 3 2 5 

Armstrong et al. 1988 91 34.5 56.5 32 1 33 

Jones at aI. 1980 (F) 12 6.3 5.7 13 4 17 

Wignall and Fox 1982 (F) 10 3.7 6.3 9 3 12 

McDonald and McDonald 7 2.4 4.6 3 6 9 
1978 

Anthophyllite 

Meurman et al. 1974 21 12.6 8.4 0 0 0 
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Table 6-5 (continued). Lung Cancer and Mesothelioma Mortality in Various Studies' 

Lung Cancer" Mesothelioma' 

Observed-
Study and Fiber Type Observed" Expected Expected Pleural Peritoneal Totar 

Talc (tremolite) 

Kleinfeld et al. 1974 13 4.5 8.5 0 1 

Brown et al. 1979 9 3.3 5.7 0 0 1 

Lamm et al. 1988 12 5 7 0 0 1 

Mixed exposures 

A1ies-Patien and VaJlerou 1985 12 5.5 6.5 3 1 4 

Albin et al. 1984 12 6.6 5.4 4 0 4 

Newhouse and Sullivan 1989 229 221.4 7.6 11 0 11 

Newhouse and Sullivan 1989 (F] 12 21.1 -9.1 2 0 2 

Clemmesen and Hjalgrim-Jensen 47 27.3 19.7 3 0 3 
1981 

Elmes and Simpson 1977 27 5.0 22.0 8 5 24 

Finkelstein 1983 20 3.3 16.7 6 5 11 

Henderson and Enterline 1979 83 23.3 39.7 ? ? 5 

Selikoff et al. 1979 (U.S.) 390 93.7 296.3 61 109 170 

Selikoff at al. 1979 (NY -NJ) 93 13.1 79.9 11 27 38 

Kleinfeld et al. 1967 10 1.4 8.6 1 2 3 

Kolonel et al. 1980 35 32.5 2.5 0 0 0 

Lacquet et al. 1980 21 22.3 -1.3 1 0 1 

Newhouse et al. 1985 196 73.9 122.1 38 29 67 

Newhouse et al. 1985 (F] 37 5.0 32.0 14 11 25 

Raffu et al. 1989 161 89.8 71.2 12 13 

Nicholson 1976 27 8.4 18.6 8 7 15 

Puntoni et al. 1979 123 54.9 68.1 0 0 0 

Rossiter and Coles 1980 84 100.3 -16.3 29 2 31 

Hughes et al. 1987 154 115.5 38.5 4 0 4 

• Adapted from Nicholson (1986). plus additional studies published from 1985 to 1990. 

b Lung cancer includes all respiratory cancers in some reports. 

(> Cases of mesothelioma occurring outside the cohort or period for which lung cancer results were presented are excluded. 

d In a few reports it is not clear whether or not pleural mesotheliomas have been excluded from the observed lung cancers . 

• Total mesothelioma coIurM includes cases of unknown site, and sometimes exceeds the pleural plus peritoneal total. 

I (F) indicates a female cohort. Other cohorts are all (or in a few cases, almost all) male. except for McDonald and 
McDonald (1978). in which 45 percent were female. 
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The Ratio of Excess Lung Cancer to Mesothelioma Several reports have drawn attention 
to the marked differences between cohorts in the ratio of excess lung cancer to 
mesothelioma. These are summarized in Table 6-5. Peritoneal mesotheliomas can usually 
be attributed to amphibole exposure, but even when only pleural tumors are conSidered, 
the ratio varies remarkably. In one study, English shipyard workers with mixed exposure, 
including a substantial amount of crocidolite, suffered a high mesothelioma risk but no 
excess of lung cancer (Rossiter and Coles 1980), while among workers at a South Carolina 
chrysotile textile plant there was a marked excess of lung cancer and no pleural 
mesothelioma (Dement et al. 1982; McDonald et al. 1983a). These data have been widely 
accepted as indicating that amphiboles, particularly crocidolite, cause a disproportionate 
mesothelioma risk. There is, however, disagreement over the magnitude of the difference, 
since the ratio is subject to several potentially serious errors and biases, such as: 

First, inappropriate choice of reference rates for lung cancer could either inflate or reduce 
the observed excess. For example, the very high relative risk among amosite workers 
observed by Seidman and colleagues (1979) could be due to the use of inappropriately low 
rates, as the relative risk in this study was disproportionately high for men with very short 
exposure. Alternatively, short-term employees may have suffered particularly heavy 
exposure. Peto and coworkers (1985) observed an excess among men employed for less 
than a year, although not in those employed for 1 to 5 years. These authors suggested that 
short-term workers are a self-selected group with unusually high lung cancer rates (the 
opposite of the "healthy worker" effect seen in long-term employees). Conversely, incidence 
of lung cancer was low (84 observed, 100.3 expected) in shipyard workers studied by 
Rossiter and Coles (1980), although 31 mesotheliomas were observed. Lung cancer rates 
vary substantially in relation to period, country, region, and social class, probably due 
almost entirely to differences in past smoking habits, and there is no reliable means of 
establishing appropriate adjustments for a particular group of workers. 

Second, mesothelioma was certainly underdiagnosed in the past, although this is now less 
likely to occur. Conversely, among migrant workers for whom follow-up is incomplete, 
such as many of the crocidolite miners in Western Australia (Hobbs et al. 1980; Armstrong 
et aI. 1988), mesothelioma deaths may be noted and included more frequently than deaths 
from lung cancer or other causes. 

Third, the observed ratio of excess lung cancer to mesothelioma is subject to substantial 
random variation. Thus, for example, the apparently extraordinary difference in the ratio 
between the South Carolina textile workers (59 observed, 29.6 expected for lung cancer, and 
no pleural mesotheliomas) and the Quebec chrysotile miners (230 observed, 184 expected, 
and 10 mesotheliomas) (McDonald et al. 1980) is only just statistically significant (p = 0.01, 
or 0.05 if the peritoneal case at South Carolina is included). 

Fourth, as noted in the section above, the ratio would be expected to vary substantially 
with age at exposure, period of observation, and region. Table 6-3 also indicates that the 
proportional excess of mesothelioma would be expected to be greatest in workers exposed 
for relatively short duration. 

Finally, lung cancer rates in old age are much lower for women than for men, due largely 
to differences in smOking, as noted above. The ratio of excess lung cancer to mesothelioma 
would therefore be expected to be much lower among women. 

After pooling the various cohorts, Doll and Peto (1985) and Nicholson (1986) concluded that 
among men the ratio of excess lung cancer to pleural mesothelioma is about 3 times greater 
for chrysotile than crocidolite, varying from at least 4 for chrysotile to between 1 and 2 for 



Health Implications of Exposure to Asbestos 6-23 

crocidolite, with substantially lower ratios for women. These reviewers also noted that 
peritoneal mesothelioma is common foUowing amosite exposure, but has almost never been 
reported in chrysotile workers not exposed to amphiboles. Nicholson (1986) suggested, 
however, that this apparently marked difference might have been exaggerated by 
differences in diagnostic standards (see above, Differences Between Asbestos Types, in this 
section). 

In view of the difficulties noted above, such pooling of potentially inconsistent data is 
certainly of limited value. The EPA report (Nicholson 1986) attempted to avoid the effects 
of differences in underlying lung cancer rates by examining the ratio of the increase in lung 
cancer relative risk to the absolute mesothelioma incidence. The latter cannot be estimated 
directly for most cohorts from published data, but Nicholson (1986) pointed out that a 
reasonable estimate of lifelong mesothelioma risk can be obtained by dividing 
mesothelioma deaths by total deaths. (The EPA analysis in fact used an equivalent 
procedure, in which the lifelong mesothelioma risk was divided by cumulative dose to give 
a dose-specific measure of mesothelioma risk. This was then compared against Kr., the dose
specific increase in relative risk of lung cancer.) This analysis eliminates differences in the 
ratio of mesothelioma to excess lung cancer due to differences in underlying lung cancer 
rates between men and women, and between different periods and countries. Some 
inconsistencies remain, however, most notably the marked excess of mesothelioma in the 
absence of any detectable excess of lung cancer observed among shipyard workers by 
Rossiter and Coles (1980), and in the subgroup of friction product workers with crocidolite 
exposure studied by Berry and Newhouse (1983). 

The opposite view is that virtually all mesotheliomas are due to amphibole exposure, and 
that chrysotile causes a negligible mesothelioma risk. The only strong evidence against the 
inference that mesothelioma is almost never caused by chrysotJJe alone is the observation 
of substantial numbers of cases among Quebec chrysotJJe miners and millers. It has, 
however, been suggested that these are due to the presence of fibrous tremolite in this 
material (reviewed by Churg and Wright 1989; McDonald et al. 1989a; Mossman et al. 1990; 
Wool et al. 1990). Tremolite constituted much less than 1 percent of the fibers extracted but 
constituted a large proportion of the long (greater than 5 pm) fibers found in the lung 
tissue of the workers, apparently because chrysotile is cleared much more rapidly than 
tremolite (sebastien et al. 1989). Similarly, high levels of crocidolite were found in lung 
tissue from British textile workers who were exposed mainly to chrysotile but suffered a 
high incidence of mesothelioma (Wagner et al. 1982). 

The evidence that chrysotile rarely causes pleural mesothelioma is not conclusive. There 
are only two cohorts of heavily exposed asbestos workers who worked only with chrysotile 
(in both cases exposed to Quebec fiber, and hence pOSsibly contaminated with tremolite). 
The absence of pleural mesothelioma in the South Carolina plant, in spite of the substantial 
risk of lung cancer (59 observed, 29.6 expected; Dement et al. 1982; McDonald et al. 1983a), 
seems likely to be due at least in part to chance. The Quebec chrysotJJe miners and miUers 
had suffered 230 lung cancers, compared with 184 expected, and 10 mesotheliomas by 1975, 
and about 20 further cases of mesothelioma are known to have occurred subsequently in 
this cohort (McDonald and McDonald 1990). Lung burden studies show no marked 
differences between these cohorts in the type, size, or amount of either chrysotile or 
tremolite fibers (sebastien et al. 1989). No other study addresses the mesothelioma-inducing 
potency of chrysotile directly. The substantial incidence of pleural mesothelioma in various 
cohorts exposed to both chrysotile and amphiboles is consistent with the belief that these 
tumors were caused by amphibole exposure, but constitutes weak evidence that chrysotile 
does not cause mesothelioma. The only reasonable conclusion is that a substantial but 
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unknown proportion of the mesotheliomas in such cohorts may be due to amplubole 
exposure. 

6.2.2.3 Measurement of Asbestos Exposure 

The calculation of dose-specific risk depends as much on measurement of dose as on 
estimation of excess risk, yet remarkably little attention has been paid to the quality of 
these vital data. Only three cohorts in which substantial excess risks have been observed 
also have reasonably extensive historical dust measurements from which individual 
exposures can be estimated. In each case, however, there was little or no measurement of 
exposure in some of the dustiest areas, and conversion of particle to fiber counts was based 
on inconsistent measurements at relatively low levels. In another study, of a friction 
products factory in the United Kingdom, extensive and probably reliable individual 
exposure estimates were calculated. The study does not provide a very useful dose-spedfic 
lung cancer risk estimate, however, as exposures were so low that the risk estimate (which 
was virtually zero) has very wide confidence limits. 

Quebec Chrysotile Miners and Millers (McDonald et al. 1980) 

This cohort of almost 11,000 men was extensively monitored between 1949 and 1966 using 
a midget impinger to measure particle counts in millions of particles per cubic foot (mppcf). 
Earlier levels were "estimated after interviews with long-service employees" (McDonald et 
a1. 1980). The exposure data and lung cancer mortality are summarized in Table 6-6. The 
observed excess was confined to the 1,688 men exposed for over 5 years to average levels 
of about 50 mppcf or more (very high), or exposed for over 20 years to about 20 mppcf 
(high). The relative risks in these three cells of Table 6-6 are all about 2.5 and do not differ 
Significantly, while in the remainder of the cohort (9,251 men) there was no Significant 
evidence of excess risk, either overall (158 observed, 154 expected) or in relation to duration 
or estimated level of exposure. The only direct evidence that estimated exposure is related 
to risk is thus (1) the absence of any excess in men exposed at lower average levels; and 
(2) the difference in relative risk for men with 5 to 20 years of exposure between the "high" 
(17 mppcf: 7 observed, 8.4 expected) and "very high" (62 mppcf: 16 observed, 7.4 expected) 
cells in Table 6-6. Against this must be weighed the similarity of relative risks seen among 
men with over 20 years of exposure in the "high" (19.2 mppcf: 24 observed, 10.9 expected) 
and "very high·· (46.8 mppcf: 32 observed, 12.1 expected) cells, a significant departure from 
linear dose-response with cumulative dose. These data thus demonstrate that the highest 
risk occurred in men with long heavy exposure, but they constitute extremely weak 
evidence of a linear quantitative relationship between risk and measured intensity of 
exposure. Any study in which prolonged heavy exposure causes significantly increased risk 
will yield an apparent dose-response relationship if large numbers of men with very much 
lower or shorter exposure are included. 

The data described above are not in any way inferior to those for other cohorts; they are 
more extensive and more completely described than those of any other study. It is a 
paradox of industrial risk assessment that internal evidence of inconsistency or weakness 
can be identified only in the best-described and extenSively analyzed studies. The 
appropriate conclusion is that dose-response estimates derived in the majority of other 
cohorts, in which past exposure-level estimates were based on little or no historical data, 
are even less reliable. 
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Table 6-6. Lung Cancer Mortality, Average Exposure Level (mppcf), and Cumulative Dose (mppcf-
years) of Quebec Miners and Millers' 

Exposure Category 

Duration No. of Deaths Low Medium High Very High 

< 1 Year Observed 19 12 9 7 

Expected 162 13.2 10.2 8.8 

Average level 2.6 4.3 14.4 78.0 

Cumulative dose 0.5 1.7 5.8 39 

No. of men 1,022 838 571 576 

1to 5 Years Observed 5 13 6 5 

Expected 7.6 13.7 7.3 6.4 

Average level 2.5 6.2 23.6 82.6 

Cumulative dose 3.3 13.6 59.0 231.3 

No. of men 593 867 484 380 

5 to 20 Years Observed 13 14 7 16 

Expected 9.2 11.5 8.4 7.4 

Average level 2.5 5.6 17.0 62.3 

Cumulative dose 3.3 582 178.5 704.0 

No. of men 714 758 544 487 

20+ Years Observed 28 20 24 32 

Expected 23.1 18.5 10.9 12.1 

Average level 4.2 9.4 19.2 46.8 

Cumulative dose 104.6 261.3 549.1 1,441.4 

No. of men 1,037 867 565 636 

a Source: Adapted from McDonald and associates (1980). 

The only basis for converting these particle counts to fiber counts was a series of parallel 
samples taken after dust levels had been reduced to an average of about 1 mppd (Figure 
6-2; Dagber! 1976). The parallel measurements showed low correlation, and the highest 
particle count was less than 5 mppd. The weakness of these data as a basis for converting 
particle counts, which often exceeded 50 mppd, to fiber counts is self-evident. Indeed, on 
the basis of the inconsistency of parallel measurements, Dagber! (1976) suggested a 95 
percent confidence Interval of 0.6 to 58 f/mL for conversion of 1 mppd, and 3 to 270 f/mL 
for 10 mppd. The conclusion that exposure In chrysotile mining is 20 to 100 times less 
dangerous than in chrysotile textile production at the same measured fiber level (see 
Table 6-1) is thus extremely insecure. It should be pointed out that the authors of this study 
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are well aware of the dubious validity of any conversion of their exposure data to fiber 
counts, and have conSistently presented their dose-response relationships in terms of the 
original particle counts. 
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Figure 6-2. Average particle counts in 1960 and fiber counts in 1961 
in different areas of the Rochdale, U.K. textile factory. Peto and 
associates (1985); reproduced by permission. 

Rochdale (U.K.) Chrysotile Textiles (Peto et al. 1985) 

10.0 

Particle counts were taken routinely in most areas of this factory between 1951 and 1960 
ustng a thermal precipitator. Fibers were subsequently counted, initially collected with a 
thermal precipitator, and also after 1965 with a membrane filter. Substantial reductions in 
particle counts occurred in many of the dustiest areas between 1950 and 1955. Conversion 
of particles to fibers was based on average levels in various areas for 1960 and 1961, 
although these showed extremely poor correlation <Figure 6-3). As in the Quebec mines and 
mills, no measurements were taken in certain dusty areas, and inconsistencies between 
nomtnally comparable personal and fixed sample measurements were noted. Although 
their estimated exposures were lower, the observed excess lung cancer risk was higher 
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(although not quite significantly) in men first exposed after 1951, perhaps indicating 
biologically significant changes in fiber dimension. The correlation between excess lung 
cancer risk and estimated exposure was qualitatively similar to that observed in Quebec 
miners and millers, although the estimated risk per unit dose was much higher. An 
apparently linear relationship with cumulative dose was observed, but when men exposed 
to low levels or employed for less than 5 years were excluded the relationship with 
estimated dose and duration was unimpressive (Table 6-7). As noted above, a major 
difficulty in interpreting these results is the fact that some crocidolite was used and a high 
incidence of mesothelioma was observed. Crocidolite constituted a small proportion Gess 
than 5 percent) of the fiber processed, and the authors halved their resulting mesothelioma 
risk estimate for chrysotile to allow for this, observing that "this rather arbitrary assumption 
constitutes an uneasy compromise between the South Carolina results, the observation of 
several cases [of mesothelioma] among Quebec chrysotile miners and millers, and the data 
reported here" (peto et al. 1985). 
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Figure 6-3. Average particle counts in 1960 and fiber counts in 1961 
in different areas of the Rochdale, U.K. textile factory. Peto and 
associates (1985); reproduced by permission. 
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Table 6-7. Lung Cancer Mortality by Average Exposure Level and Duration of Rochdale (U.K.) 
Chrysotile Textile Workers' 

Average Exposure Level (particleslmL) 
No. of 

Duration Deaths Nil 1 to 199 200 to 399 400+ 

< 1 Year Observed 3 5 2 12 

Expected 2.8 3.6 1.7 7.5 

1 to 5 Years Observed 2 3 2 

Expected 2.3 2.2 1.2 1.9 

5 to 10 Years Observed 1 3 1 10 

Expected 0.8 5.6 1.8 6.2 

10 to 20 Years Observed 2 8 12 7 

Expected 0.6 7.9 3.7 3.2 

20+ Years Observed 0 8 6 5 

Expected 0.7 5.2 3.2 2.9 

• Source: Adapted from Peto and associates (1985). 

South carolina (U.S.): Chrysotile Textiles (Dement et al. 1982, 1983a,b; McDonald 
et al. 1983a) 

This factory was independently studied by Dement and associates (1982, 1983a,b) and 
McDonald and associates (1983a), who observed a large lung cancer excess but no pleural 
mesotheliomas. (There was one peritoneal mesothelioma, pOSSibly due to earlier amphibole 
exposure.) More than 5,000 samples were taken before 1975, but only 376 midget impinger 
samples were taken before 1960, and many of the dustiest activities Were unmonitored. 
According to Dement and coworkers (1983a), later parallel measurements suggested a 
conversion factor of about 3 f/mL per mppcf, although a factor of about 8 f/mL per mppcf 
seemed more appropriate in some areas. Nicholson (1986) calculated that the results 
published by Dement and colleagues (1983b), assuming a conversion factor of 3 f/mL per 
mppcf, implied that ~; 0.03. The increase in SMR per mppcf-year was, however, 
estimated to be 0.075 by McDonald and coworkers (1983a), who suggested a conversion 
factor of 6 f/mL per mppcf, giving KL ; 0.013. 

Friction Products (U.K.): Mainly Chrysotile (Berry and Newhouse 1983; Newhouse 
and Sullivan 1989) 

This study showed no excess of lung cancer among men (229 observed, 221.4 expected), 
and a deficit in women (12 observed, 21.1 expected). Thirteen mesotheliomas occurred, but 
most were exposed to crocidolite, which was used only during two periods (1929 to 1933 
and 1939 to 1944). Historical fiber-level estimates Were based on an extensive study 
involving reconstruction of earlier working conditions (Skidmore and Dufficy 1983), and 
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are likely to be reasonably reliable, as conditions did not alter greatly in most areas 
between 1932 and 1967, when regular fiber counting began. The resulting dose-specific 
estimate of lung cancer risk was close to zero (KL = 0.0006), but most cumulative exposures 
were low, and the upper 95 percent confidence limit for KL exceeded 0.01. The primary 
reference for this study is Berry and Newhouse (1983), which includes a detailed analysis 
of dose-response. The mortality pattern was unaltered during the further seven years of 
follow-up (1980 to 1986) reported by Newhouse and Sullivan (1989). 

Other Studies 

Members of the Literature Review Panel differed in their interpretation of the reliability of 
exposure estimates for other cohorts (see Cohorts That Have Been Used to Calculate Dose
Specific Lung Concer Risks, under section 6.2.2.1, Lung Cancer). Detailed descriptions of the 
derivation of such estimates comparable to those outlined above have not been published, 
but it appears that none was derived from extensive historical dust measurements 
combined with contemporary fiber and particle counts. 

Some Panel members regarded this lack of evaluable published information as crucial, but 
others considered that several of the quoted average levels, if not the individual exposure 
estimates, were probably accurate within a factor of about 2, which would certainly be 
adequate for risk assessment purposes. 

6.2.2.4 Risk Assessment 

Relevance of Tremolite 

A fundamental difficulty in relation to chrysotile risk assessment is the fact that most 
cohorts of chrysotile workers have been exposed to some amosite or croddolite, while the 
two major cohorts exposed only to chrysotile handled material from the Quebec mines, 
which contain a small but variable amount of tremolite. The ratio of all amphiboles, 
including tremolite, to chrysotile is often higher in the lung tissue of workers exposed 
solely or principally to chrysotile than in the material itself, apparently because chrysotile 
disappears from the lung more rapidly than the amphiboles. Some authors have therefore 
concluded that mesotheliomas among chrysotile workers are largely or even perhaps 
entirely due to tremolite (Churg 1988; Mossman et al. 1990) or other amphiboles. While the 
similarity of tremolite and chrysotile lung burdens at the time of death in chrysotile 
workers is suggestive of a role for tremolite, it is not conclusive. First, the action of asbestos 
in causing mesothelioma may involve early stage events, in which case tissue 
concentrations early in exposure would be more relevant. Second, concentrations in the 
pleura are of greater importance than those in the lung with respect to mesothelioma risk. 
sebastien and coworkers (1979) and Dodson and colleagues (1990) have shown that the 
ratio of chrysotile to amphibole concentrations is greater in the pleura than in the lung. 
Thus, lung concentrations at death are unlikely to be representative of pleural tissue 
concentrations at times of relevant exposure. For the purpose of risk assessment it is 
therefore prudent to assume that most of the mesotheliomas observed among Quebec 
chrysotile miners were caused by chrysotile. This is a pragmatic hypothesiS rather than a 
proven scientific statement, and future evidence may prove that it is wrong. In addition to 
scientific uncertainty and the principle that risk assessment should err on the side of 
caution, a further reason for this decision is the possibility that tremoHte may be often 
encountered where chrysotile is found. Substantial amounts of tremolite were found in lung 
tissue both in chrysotile textile workers and in miners (sebastien et al. 1989), and tremolite 
may therefore be present in certain other occupational and environmental situations in 
which chrysotile fibers are released. 
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Assumption of Linear Dose-Response Relationship for Mesothelioma 

The specific model for mesothelioma induction described under Dose-Response Model for 
Mesothelioma (in section 6.2.2.2, Mesothelioma) predicts that lifelong risk increases almost 
linearly with increasing duration of exposure up to about 5 or 10 years, and more slowly 
thereafter. The available data are broadly consistent with this assumption. The studies of 
Jones and coworkers (1980) and Hobbs and associates (1980) provide information on 
mesothelioma risk according to duration of employment in, respectively, crocidolite gas 
mask manufacturing and crocidolite mining. Both studies are compatible with a linear 
relationship. The study of Seidman and colleagues (1979) suggests a relationship that rises 
less steeply than linear. As noted above, however, this study also exhibits a similar pattern 
for lung cancer, pOSSibly because short-term workers were more heavily exposed. Peto and 
associates (1985) observed a disproportionately low risk in men exposed for less than 10 
years compared with longer-service employees in a chrysotile textile factory, but this 
departure from the predicted pattern was not statistically Significant. 

These results demonstrate that brief exposure does not cause a high mesothelioma risk. 
Unfortunately, however, there are no useful data on the effect of level of exposure, as 
distinct from duration. Some, although not all, carcinogens exhibit upward (pOSSibly 
quadratic) curvature in dose-response in cell transformation assays or in experimental 
tumor induction, and it has been suggested that the risk at low dose levels may be 
negligible'. There is, however, no good experimental evidence of such an effect for 
chrysotile or other asbestos minerals. The prediction that risk is proportional to level of 
exposure at very low concentrations cannot be tested epidemiologically. Exposure levels 
have never been recorded accurately, and the predicted risks at low levels shown in 
Table 6-3 are far too low to be observable. Nor is the opposite belief, that the mesothelioma 
risk is anomalously high following very low levels of exposure, supported by observation. 

Assumption of Linear Dose-Response Relationship for Lung cancer 

The observation that excess lung cancer risk is roughly proportional to cumulative dose at 
high concentrations does not constitute strong evidence of a linear relationship with fiber 
level, particularly at very low levels. This prediction is even more difficult to test directiy 
for lung cancer than for mesothelioma, since lung cancer is so common in the general 
population, affecting more than one smoker in 10 and about one nonsmoker in 200, that 
even quite large increases in risk are difficult to estimate reliably. (The risk is smaller in 
women, but it is not clear whether this is due largely, or even entirely, to differences in 
smoking.) Prolonged low exposure to chrysotile in friction products, asbestos cement, and 
chrysotile mining (Table 6-6) has produced no statistically significant excess of lung cancer. 
Even in chrysotile textile prodUction, the sector in which the highest dose-specific risks for 
chrysotile have been observed, over 10 years' exposure at low average levels (under 200 
particles/mL, or about 5 f/mL; see Table 6-7) produced little increase in risk in the U.K 
study reported by Peto and coworkers (1985), although workers employed for less than 10 
years in the South Carolina plant studied by Dement and colleagues (1983b), who were 
more heavily exposed, suffered an increased risk (SMR = 1.9). None of these observations, 
however, invalidates the assumption of a linear dose-response relationship, and Panel 
members are not aware of any clear evidence that our model for lung cancer either 
overestimates or underestimates the long-term risk for brief or low exposure. 

1 See also llgren and Brown (1991), published too recently to be included in the Panel's review. 
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Although it is in principle impossible to demonstrate the linearity or otherwise of dose
response at very low levels from epidemiologic observations, there is some evidence that 
the ratio of lung cancer to mesothelioma may alter as exposure levels faiL One interesting 
inconsistency relates to groups such as the British dockyard workers (Rossiter and Coles 
1980) and a subgroup of the chrysotile friction product workers (Berry and Newhouse 
1983). Both were exposed to some crocidolite and suffered a substantial risk of 
mesothelioma but no detectable excess of lung cancer. In contrast, the more heavily 
exposed Australian croddolite mIners appear to have suffered a larger excess of lung 
cancer than of mesothelioma (Armstrong et al. 1988). One interpretation of these (and many 
other) differences is that different sizes of fiber have different parenchyma effects, .either 
in their ability to reach the airWays or to reach the lung and penetrate the pleura, or in 
their biological activity in different tissues. Unfortunately, the understanding of fiber 
carcinogenesis is too limited to justify any very specific conclusions in relation to fiber 
dimensions, apart from the consistent experimental evidence that fibers much shorter than 
5 Jlm cause much less fibrosis and cell transformation than longer fibers. The implicit 
assumption that all fibers longer than 5 Jlm of a given type are equally potent is almost 
certainly incorrect, but in the present state of knowledge, it cannot be inferred from 
epidemiologic data whether a thin fiber is more or less potent than a thicker fiber of the 
same length (peto 1989). An alternative explanation, however, is that as exposure levels fall, 
risk falls more rapidly for lung cancer than for mesothelioma. Lung tissue studies indicate 
higher fiber counts and more extensive asbestosis in lung cancer cases than in cases with 
mesotheliomas (for example, Wagner et aL 1986,1988). Such observations have been cited 
as evidence that lung cancer risk is associated with the fibrosis in asbestosis, in which case 
very low exposure may be associated with much less lung cancer risk than the linear model 
suggests. Conversely, however, there are plausible models of carcinogenesis which predict 
the opposite effect, particularly for childhood exposure. The assumption of dose-linearity 
for low-dose risk assessment purposes is thus a widely accepted and Scientifically 
reasonable compromise rather than an established scientific principle of carcinogenesis. 

Dose-Specific Risk for Chrysotile and Mixed Exposures 

The Panel has ignored the very low dose-specific risk estimates for lung cancer derived 
from chrysotile friction products and chrysotile mining, and has accepted the value of 
KL ; 0.01 recommended by the EPA (Nicholson 1986), the CPSC (1983), and the HSC (Doll 
and Peto 1985) in calculating the risks at low levels shown in Table 6-3. ('This is the 
geometric mean of the range KL ; 0.003 to 0.03 suggested by the CPSC [1983]). The NRC 
(1984) calculated a median of Ie,.; 0.Q11, but rounded this up to 0.02 for the risk 
assessment. The estimates of KL for chrysotile textiles for both the U.K. study (peto et al. 
1985) and the South Carolina study, as analyzed by McDonald and coworkers (1983a), were 
approximately 0.01, although in an earlier and smaller study of the same U.s. factory 
Dement and coworkers (1983a,b) derived a higher value (Ie,. ; 0.03, according to Nicholson 
1986). Other industrial exposures of chrysotile have given lower risk estimates. 

The mesothelioma risks In Table 6·3 were calculated from equation 6.5 assuming a value 
of 10" for K,.. This specific model was the basis of the risk assessments presented by the 
EPA and the CPSC (again with threefold confidence limits). The analYSis of mesothelioma 
incidence in a U.K. textiles factory by Peto and associates (1985), who fitted equation 6.3 
with n ; 4 and KM ; 1.2 X 10'10, gives dose-specific predictions that are similar to those of 
this modeL In the HSC report (Doll and Peto 1985), however, these mesothelioma estimates 
were halved in the risk assessment for chrysotile, on the grounds that a substantial 
proportion of mesotheliomas in this cohort (arbitrarily taken to be 50 percent: see Rochdale 
(U.K.) Chrysotile Textiles, under section 6.2.2.3 Measurement of Asbestos Exposure) were 
likely to have been caused by the crocidolite used in the factory. The HSC risk estimates 
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for mesothelioma are thus approximately half those of the EPA and CPSC. It should, 
however, be noted that the HSC estimates were explicitly restricted to chrysotile exposure, 
whereas the EPA and CPSC estimates were median values based on all available data, 
including mixed and (in one case) pure amosite exposure. 

The models fitted by the EPA and the CPSC (Table 6-3) can be tested by examining their 
predictions for a mixed population of smoking and nonsmoking male asbestos workers in 
the United States who enter the industry at various ages between 20 and 40. The estimates 
shown in Table 6-3 for men aged 30 years at entry suggest that the ratio of mesothelioma 
to excess lung cancer will be about 1:3 and that about 4 percent of deaths will be due to 
mesothelioma follOwing 20 years' exposure at 10 f/mL Among younger recruits, the ratio 
may be about 1:2. Even higher mesothelioma rates have occurred in men heavily exposed 
to mixed fiber types, but there appears to be consistent evidence that even heavy exposure 
to chrysotile alone does not cause a mesothelioma risk as high as this, either in absolute 
terms or relative to the lung cancer excess. The risks shown in Table 6-3 are thus 
representative of the estimates obtained for both lung cancer and mesothelioma from 
cohorts who suffered mixed exposures under a variety of conditions, and for lung cancer 
among chrysotile textile workers. However, in view of the dose-specific risks for both lung 
cancer and mesothelioma among Quebec miners and millers, which are very much lower 
than those shown in Table 6-3, and the absence of pleural mesothelioma in the South 
Carolina chrysotile textile workers (McDonald et al. 1983a), the mesothelioma risk caused 
by chrysotile alone may well be less than the rates shown in Table 6-3, perhaps by a large 
factor in some conditions. 

The mesothelioma risk estimate for chrysotile was an issue of disagreement; some members 
of the Literature Review Panel held the view that a lower estimate should be 
recommended, as it would be more consistent with the available data. The crucial issues, 
neither of which can be resolved unequivocally, are (1) what proportion of the 
mesotheliomas observed in groups such as the U.K. textile workers and the U.S. insulation 
workers were caused by their exposure to crocidolite or amosite; and (2) whether the best 
general estimate of the ratio of mesothelioma to excess lung cancer caused by chrysotile is 
provided by the Quebec miners and millers (about 1:4 or 1:5), or by the South Carolina 
textile workers handling Quebec fibedzero). In view ofthe Panel's decision not to calculate 
a separate mesothelioma risk estimate for pure chrysotile, the present estimates probably 
err on the side of conservatism. In addition to the difficulty of agreeing on an appropriate 
adjustment, the Panel decided that a single estimate for mixed exposure would be of more 
practical value for the purposes of this report. Most exposure in buildings in the United 
States involves chrysotiJe or amosite, and often to both. The frequency with which 
crocidolite is encountered is thought to be lower. 

Dose-Response Relationship for Amphiboles 

No extensive measurements of historical exposure levels are available for the cohorts 
exposed predominantly to crocidolite or amosite. Estimated levels publiShed for the 
crocidolite miners of Western Australia (Armstrong et al. 1988) varied from 20 to 100 f/mL 
Most of this cohort were employed for less than a year, however, and more than half had 
estimated cumulative exposures of under 10 f/mL-years, while only 5 percent exceeded 
100 f/mL-years. There was a marked excess of lung cancer (an overall SMR of about 200, 
allowing for incompleteness of follow-up) and a high incidence of mesothelioma. In a 
subsequent publication (de Klerk et a1. 1989), a case-control analysis of the same data 
suggested a value of KL of om (equation 6.1), and indicated a significantly elevated lung 
cancer risk only in the minority of workers (about 3 percent) exposed for more than five 
years, among whom the relative risk was 2.2, based on 11 deaths. It is difficult to reconcile 
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these results with the cohort analysis reported by Armstrong and colleagues (1988), which 
suggests that about half of the 91 lung cancer deaths were due to croddolite. There were 
33 deaths due to mesothelioma (32 pleural and 1 peritoneal), so the ratio of excess lung 
cancer to mesothelioma may have been between 1:1 and 2:1. If the estimate KL = 0.01 is 
accepted, the pattern of dose-specific risk for both lung cancer and mesothelioma for 
exposure of up to five years' duration shown in Table 6-3 would thus appear to fit this 
cohort quite closely. This would imply that the lung cancer risk per fiber for crocidolite 
mining is similar to that for chrysotile textiles (although much greater than for chrysotile 
mining), and the mesothelioma risk per fiber is of the same order as that observed for 
various mixed exposures, induding, for example, the U.K. textile factory studied by Peto 
and assodates (1985), in which less than 5 percent of the fiber processed was crocidolite. 
No other study prOvides any useful exposure data for pure crocidolite, however, and this 
study alone was not considered an adequate basis for these surprising conclusions in view 
of the questionable basis for the exposure estimates, the incompleteness of follow-up, and 
the inconsistency noted above. Conversely, however, the suggestive evidence that a 
relatively small proportion of crocidolite caused many, and pOSSibly most, of the 
mesotheliomas in several studies cannot be interpreted quantitatively, as crocidolite may 
generate much higher fiber levels when used in the same way as chrysotile. 

The situation for amosite is almost as unsatisfactory as for croddolite. The only study of 
amosite workers for which dose estimates have been provided (Seidman et a1. 1979; see 
Nicholson 1986 for updated lung cancer data) is on a cohort of men manufacturing amosite 
insulation in Paterson, New Jersey, before and during World War II. The dose estimates 
were largely based on limited measurements taken more than 25 years later in two 
different factories using similar materials and equipment. There was a marked increase in 
lung cancer SMR even in men employed for less than two months (SMR = 264, based on 
15 deaths), and possible estimates of KL vary from 0.01 (using the lung cancer rate in short
term workers as the baseline) to 0.04 (by regression on the SMR, based on local rates) 
(Nicholson 1986). The SMR for men exposed for more than two years was 650, and there 
were 14 mesotheliomas (7 pleural, 7 peritoneal). There are three major difficulties in 
interpreting this study: the lack of any reliable exposure data, the anomalous pattern of 
SMR in relation to duration of exposure, and the uncertainties related to extrapolation from 
brief very high exposure to prolonged low exposure. If the exposure data are accepted, 
however, both the lung cancer rate (based on the SMR) and the mesothelioma rate (see 
Table 6-2) in this study suggest dose-specifiC risks for amosite substantially higher than 
those shown in Table 6-3. However, both mesothelioma and lung cancer risk estimates 
similar to those in Table 6-3' have been derived for the U.S. insulation workers' data, 
including the large number of peritoneal mesotheliomas identified among insulators by 
tissue review. The exposure of these workers was to amosite and chrysotile in roughly 
equal amounts, and estimates of their average exposures are as unreliable as those of the 
amosite factory workers. 

Both amosite and croddolite have caused high risks of mesothelioma after brief exposure, 
which has never been observed for chrysotile. Short intense amosite exposure can also 
cause a high lung cancer rate. Moreover, there is consistent evidence that the ratio of 
mesothelioma to excess lung cancer is substantially higher for croddolite compared to 
chrysotile and amosite. 
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Consistency of the Predicted Risks 

The risk estimates shown in Table 6-3 are clearly inconsistent with some of the observations 
and risk estimates derived from individual studies. in view of the absence of any adequate 
quantitative basis for estimating dose-specific risks for crocidolite, and the weakness of all 
the quantitative exposure data, differences in dose-specific risk between fiber types cannot 
be conclusively demonstrated. In any case, one of the largest observed differences is 
between the South Carolina chrysotile textile workers and the Quebec chrysotile miners and 
miIlers, whose lung burdens indicate that they were exposed to fibers of similar type and 
dimension. Most exposure in buildings involves chrysotile or amosite, and a primary 
concern has been to achieve a reasonable degree of caution in the risk assessment for this 
situation, in the sense that none of the predictions is likely to seriously underestimate the 
risk, rather than to choose estimates and models which may be sdentificaIly more reliable 
or internally consistent. For example, in concluding that crocidolite is more dangerous than 
chrysotile or amosite, the possibility has been taken into account that the high 
mesothelioma rate among British chrysotile textile workers was due largely to the relatively 
smaIl amount of crocidolite to which they were exposed; a corresponding proportion of 
their lung cancer excess has not been attributed to crocidolite in calculating their dose
specific lung cancer risk for chrysotile. It would therefore not be appropriate to use these 
estimates as a basis of industrial hygiene limits, particularly in chrysotile mining or friction 
product manufacture, where observed risks are substantialIy lower than those predicted. 
They are intended solely as guidelines for conservative risk management in relation to low
level nonoccupational exposure in buildings in the United States, which usualIy involves 
chrysotile or amosite, and rarely crocidolite. 

6.2.2.5 Summary of Human Dose-Response Data 

1. In cohorts of persons exposed occupationalIy to elevated concentrations of airborne 
asbestos fibers, the risks of lung cancer and mesothelioma have been observed to 
increase with the extent (level and duration) of exposure. 

2. The data do not suffice to define the exposure-risk relations precisely but are consistent 
with conventional risk-assessment models under which the relative risk of lung cancer 
increases in proportion to the extent of exposure to asbestos, and the increase in 
absolute risk of mesothelioma caused by each brief increment of exposure is 
proportional to the extent of the additional exposure and to the 2nd or 3rd power of 
time thereafter. 

3. The effects of asbestos and of cigarette smoking on the risk of lung cancer appear to be 
more nearly multiplicative than additive. 

4. The risk of mesothelioma is not detectably influenced by cigarette smoking. 

5. Comparisons among the different cohorts provide evidence that the risk of pleural 
mesothelioma is appreciably higher with exposure to crocidolite than with exposure to 
chrysotile or amosite. Peritoneal mesotheliomas have almost always been attributed to 
amosite or crocidolite exposure. 

6. The absence of adequate exposure measurements for the cohorts studied to date 
severely limits the reliability of any quantitative risk assessments that can be made at 
this time, especially insofar as the risks of low-level exposure to fibers of different sizes 
and types may be concerned. 
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7. Many of the groups of asbestos workers that have been studied epidemiolOgically were 
exposed to more than one type of asbestos, and the data on risks caused by each 
separate variety are inadequate and inconsistent. The Panel therefore calculated average 
risks for mixed exposures. These are appropriate for the purpose of this report, as some 
bulldings contain more than one type of asbestos. 

6.2.3 Time Trends in Mesothelioma Incidence 

6.2.3.1 General COmments 

Historical Perspective 

Primary malignant mesotheliomas have distinctive diagnostic features and are strongly 
associated with asbestos exposure; for these reasons, the epidemiology (distribution and 
determinants) of these tumors has been studied as a means of assessing the impact of 
exposure to asbestos on populations (peto et aI. 1981; McDonald 1985; Gardner and Saracci 
1989; McDonald et a1. 1989b). The relationship of malignant mesotheliomas to asbestos, 
alluded to in several earlier reports, was brought to general medical attention in the 19605 
as a result of the landmark report by Wagner and associates (1960) describing a cluster of 
33 cases from the crocidolite mining area of North-West Cape, South Africa; 18 of these 
individuals had worked in the mines while 14 were residents of the area, that is, their 
exposure had been non-occupational. Within a few years of this report, case-control studies 
carried out in the industrialized countries of Europe and North America confirmed the 
association of this tumor with exposure, and again both occupational and nonoccupational 
exposures, domestic and residential, were implicated (McDonald and McDonald 1977). 
Several high-risk occupations were also identified as well as a concentration of cases in the 
shipyard cities of Europe and North America. 

Subsequently, evidence from a variety of sources (reviewed elsewhere in this report) has 
accumulated to suggest that crocidolite exposure is more potent in eliciting this tumor than 
chrysotile exposure (Wagner 1985; McDonald and McDonald 1987a). For instance, 
proportional mortality due to mesothelioma has been found to be higher, and the number 
of mesothelioma cases to exceed the excess lung cancer rates, in crocidolite- as opposed to 
chrysotile-exposed cohorts (McDonald and McDonald 1977; Hughes and Weill 1986). More 
recently, analysis of lung tissues at autopsy has shown that lung dust concentrations, 
particularly of long amphibole fibers (crocidolite and amosite), but not of chrysotile, sharply 
distinguish mesothelioma cases from matched referents (McDonald et aI. 1989a). In 
addition, analyses of case series material have shown that the lung dust burden of 
chrysotile-associated mesotheliomas is considerably higher than that of amphibole
associated mesotheliomas (Churg and Wright 1989). 

Mesotheliomas Without an Asbestos Exposure History 

A comprehensive review of over 3,700 cases of mesothelioma reported up to 1977 revealed 
that, while occupational exposure to asbestos had been identified in apprOXimately 43 
percent of cases and domestic or household exposure in 9 percent, no known exposure to 
asbestos could be ascertained in apprOximately 38 percent of cases (McDonald and 
McDonald 1977). Similar findings were reported in a more recent review of published 
material including planned studies and case series, all of which included cases in which 
asbestos exposure was neither reported nor considered likely (Gardner and Saracd 1989). 
However, the proportion of such cases has varied considerably from study to study 
(ranging from 33 to 63 percent in case-control studies, and from 3 to 50 percent in case 
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series), at least in part because of differences in study methods, including selection and 
diagnostic criteria for the cases, and the care with which the exposure history was sought. 

Explanations for mesotheliomas without an asbestos exposure history include: 
(1) occupational and/ or nonoccupational exposure to asbestos unknown to the respondent 
or his or her family, for instance in occupations not known or yet recognized as being at 
risk; (2) occupational and/or nonoccupational exposure to other agents with 
mesotheliomagenic potential that is recognized (as for radiation), suspected (as with certain 
metals), and/or as yet unrecognized (Peterson et aL 1984); and (3) nonoccupational 
exposure to asbestos from contamination of indoor air, including exposure in buildings. 
This possibility, not surprisingly, is a major cause for individual as well as for public health 
concern, and stimulated this study of time trends in mesothelioma inddence. 

Incidence Trends In Mesothelioma as a Measure of the Impact of Asbestos 
Exposure In Populations 

Several authors have suggested that mesothelioma inddence can be used as a measure of 
the impact of asbestos exposure on populations (Peto et aL 1981; Archer and Rom 1983; 
McDonald 1985), and as a basis for predictive models of future inddence trends over time. 
Such a model, which took into account the dramatic increase in world production and use 
of asbestos from the 1920s to the 195Os, is illustrated in Figure 6-4 (McDonald 1985). 
Mesothelial tumors were considered under four main etiologic categories, three related to 
asbestos exposure (occupational, household, and environmental) and a background group 
due to other causes known and unknown. In the model, occupational exposures were 
considered as being dominant in men and the other three categories of exposure were 
dominant in women. In addition, the model incorporated the suggestion, attributed by 
McDonald to Archer and Rom (1983), that a comparison of time trends in tumor incidence 
in men and women might be used as an indirect indicator of the impact on a population 
of nonoccupational exposure to asbestos which would include among other things exposure 
in buildings containing ACM. 

Based on this model, the following predictions were made: 

1. Prior to the commerdal exploitation of asbestos, which began in Canada, Russia, and 
South Africa in the 1890s, background rates for mesothelioma would be low and 
comparable in men and in women. 

2. In parallel to the rise in production and use of asbestos in the period after World War 
I, a rise in tumor inddence would occur in men, but would lag by a period of 30 years, 
which is consistent with what is known about the latent period of the tumor. 

3. As the impact of occupational exposures gained force, rates in men would diverge 
increasingly from those in women, starting probably in the 1950s and continuing well 
into the 1980s. 

4. With the introduction of workplace controls and the fall in the production and 
industrial use of asbestos from the late 1960s and onward, overall annual rates in men 
would rise more slowly, stagnate, and eventually again fall to approach those in 
women. 
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Figure 6-4. Conceptual model for mesothelioma mortality, assuming complete ascertainment. 

Reproduced with permission from McDonald (1985). 

5. Age-specific incidence rates would also reflect these trends, with rates in men in the 
younger cohorts whose first exposure dated from the 1960s showing less evidence of 
an exposure effect than rates in older men, which would continue to reflect the heavier 
exposures in the 1920s and 1930s. 

6. An increase in the impact of nonoccupational exposures would be reflected in a trend 
toward an increase in incidence rates in women. 

Published data have supported predictions 1, 2, and 3 of the model (McDonald 1985). 
Indeed, the increase in incidence rates probably occurred earlier than the 1960s when cases 
were first noted in the Northern Cape mining region, and a little later in asbestos plants 
in London that used fiber from the Cape, and in the shipyards of Europe; the delay was 
due to infrequent recognition of the tumor by physicians and pathologists prior to 1960 
(McDonald 1985). There was, however, no comment by the author on evidence in support 
of predictions 4, 5, and 6; nor was any other published systematic evaluation of published 
data for such evidence found. Based on more formal models, projected rates for 
mesothelioma mortality related to occupational exposure to asbestos have been published 
by Peto and colleagues (1981) and Nicholson and associates (1982). Peto and coworkers 
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(1981) also reported age specific rates for non occupational (background) mesothelioma in 
Los Angeles. These were similar in men and women, and corresponded to an annual total. 
of about 400 non occupational cases in the U.s. or a lifetime risk of about 1 in 5.000. 

ObJectives, Approach, and Material Reviewed 

The Asbestos Literature Review Panel, therefore, called for a review of published material 
on time trends in mesothelioma incidence to examine overall national trends as well as the 
age-specific trends in mesothelioma rates for evidence of: (1) any abatement in rates in men 
consistent with a decrease in the impact of occupational exposure, which should eventually 
follow the reduction in the use of asbestos and control of occupational exposures that 
started in the late 196Os; and (2) an increase in the rates in women consistent with an 
increase in the impact of environmental asbestos exposure, including in the latter exposure 
in buildings containing ACM. 

The review was conducted as follows: Relevant publications were sought by employing the 
Medline computer search. Articles, published in the years 1985 through June 1990, were 
scanned for reference to "mesothelioma" and "asbestos" as key words. Using both key 
words in a search, 366 articles were identified; 310 were in the English language. The same 
computer database was further queried under the follOwing more specific subject headings: 
(1) Mesothelioma and Asbestos Oimited to human studies); (2) Mesothelioma and Trends; 
(3) Mesothelioma and Environmental Exposure; and (4) Mesothelioma and Rates. Author
title-source listings of publications for each of the above subject headings were reviewed; 
the abstracts corresponding to articles of interest were scrutinized, and those pertinent to 
this mandate were reviewed in greater detail. Only English and French language 
publications were reviewed. No formal search was conducted after June 1990, though 
several papers that appeared subsequently have been incorporated into this section. 

In the tables thatfollow, the material is presented by region,first for North America, where 
exposure has occurred primarily as a result of industrial applications of asbestos (United 
States and Canada) and in mining (Canada); next for the industrialized countries of Europe; 
and finally for other countries such as South Africa and Australia, where both industrial 
and mining operations have been responSible for exposure. Data from these various sources 
are displayed to show first national trends over time (fables 6-8 to 6-12), then age-specific 
trends to see which age cohorts were responSible for the trends in the national data 
(fable 6-13). Information about the source of material and sites of tumor studied is also 
presented in the tables. Note that the age of subjects included varies between reports, a 
factor which will obviously contribute to between-study differences in estimated rates. 

6.2.3.2 National Trends: Selected Data from Different Regions 

North America (Table 6-8) 

In the United States, Archer and Rom (1983) were the first to comment on trends in 
mesothelioma incidence; their analysis was based on deaths recorded in the National 
Cancer Institute (NCI) register of cancer deaths and coded to pleural malignancy 
(International Classification of Disease Code No. 162.2) prior to 1968, and to malignant 
neoplasms of the pleura subsequent to that date. Rates in men and women were 
comparable prior to 1969, and no Significant time trends in rates for either men or women 
were noted for the period 1958 to 1969. However, after 1969, rates in men and women 
appeared to diverge over age 45, consistent with the increase in occupational exposures of 
men in the 1930s and 19405. Rates in both men and women, however, appeared to remain 
relatively stable at these higher rates over the period 1970 to 1977. 
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Table 6-8. Mesothelioma Rates in North America: Results of Selected Studies Illustrating Time Trends 

Commentsa 

• Source 
• Sites 

Country; Years • Diagnostic criteria 
First Author of Incidence per Million • Reference popu lation 
(year) Study Age Men Women • Other, including authors' comments 

U.S.; 1970 All 5.0 <2.0 • Third National Cancer Survey 
McDonald 1972 5.5 < 2.0 1970 - 1972; SEER program 
(1985) 1974 9.0 < 2.5 1973-1980 

1976 9.0 2.5 • All sites 
1978 10.5 2.0 • Pathologic (over 950/0) 
1980 15.0 2.5 • Rates increased in men from 1970 

to 1980, not in women 

U.S.; 1973 All 5.1 < 2.0 • SEER program; white subjects 
Connelly et 1976 9.0 < 2.0 • Pleural tumors 
al. (1987) 1978 15.0 < 2.0 • Pathologic (over 950/0) 

1980 15.0 < 2.0 • Rates' for 1973 - 1984 standardized 
1982 11.0 < 2.0 to 1970 U.S. population 

• Geographic patterns related to 
presence of shipyards or local 
asbestos industry 

1973 - 1984 All 10.6 1.9 (white) 
1973 - 1981 All 5.0 1.7 (black) 

U.S.; 1973-1980 15+ Average annual increase • Cancer registries in Los Angeles 
Spirtas et al. in men 12% (p < 0.01); County (1972 -1980), New York 
(1986) no significant increase in State (except New York City) 

women (1973 - 1980), SEER program 
(1973 - 1980) 

• Pleural tumors 
• Pathologic 

1973 -1980 15+ 11.3 1.7 (white) • Standardized to 1970 U.S. 
Los Angeles 5.9 1.6 (black) population 
1973 -1980 15+ 7.1 1.7 (white) • Standardized to 1970 U.S. 

New York 0.0 1.1 (black) population 

Canada; 1966 - 1975 15+ 3.0 1.3 • Canadian Association Pathologists, 
McDonald 1966 -1975 45+ 7.0 2.5 Quebec Association Laboratory 
(1980) Physicians, Quebec Tumor Registry 

• Pleural and peritoneal 
• Death certificates and review by 

panel of pathoiogists 

Entries in this column correspond to these listed categories. 

b Rates are approximate only, being derived from figures or other infonnation in the text. 
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McDonald (1985) and subsequently Connelly and coworkers (1987) both published analyses 
of data from the Surveillance Epidemiology and End Result (SEER) program extending 
beyond 1977. Since 1973, this program has monitored cancer incidence in approximately 
10 percent of the U.s. population. Results in these studies were oonsistent, showing an 
increase in rates in men over the 1970s, but with stagnation in the early 1980s. By contrast, 
rates in women appear to have been stable over the same period. Connelly and colleagues 
(1987) comment on the fact that the effects of age and time period on rates were always 
Significant, but that cohort effects appear to have risen to a peak for the 1905 to 1909 cohort 
(for example, those aged 30 to 35 during World War II) and then declined. A peak in the 
1905 to 1909 cohort had been predicted, oorresponding to the large number of men in this 
cohort with shipyard exposures during World War II (Peto et aI. 1981; Nicholson et aI. 
1982). Geographic areas with high rates were usually those with asbestos manufacturing 
plants or shipyards. Spirtas and associates (1986), in an analysis of tumor registries from 
Los Angeles County, New York state (excluding New York City), and SEER data, showed 
significant increases in rates from 1973 to 1980 in men but not in women, changes that did 
not appear to be attributable to changing diagnostic patterns. Rates in New York state were 
lower than those in Los Angeles County, an area with shipyard activities. Also of interest 
is the observation that, in the SEER data, which are nationwide in scope (Connelly et aI. 
1987), as well as in the Los Angeles County and in the New York state data (Spirtas et aI. 
1986), rates in black men and women were lower than in white men and women, contrary 
to what might be predicted on the basis of the distribution of blue collar occupations, a 
number of which involve asbestos exposure. Unequal access in the past of blacks to certain 
blue collar occupations may have been a factor. Neither of these studies extended into the 
mid-1980s, probably the earliest decade in which an effect of decreasing use or improved 
workplace controls might have been anticipated. 

The overall trends in mesothelioma rates in men and women reported for Canada are 
similar to those found in the United States <McDonald and McDonald 1980). Thus, prior 
to 1966, rates in men and women appear to have been comparable, while during the period 
1966 to 1975 rates in men increased but in women appeared stable. When reexamined in 
1983, rates in men had increased considerably while rates in women continued at a stable 
level oomparable to the rates recorded in 1974 <McDonald et aI. 1989b). No data on annual 
rates were available between the mid-1970s and 1984 to determine whether the rate of 
increase in men is abating. A study in British Columbia, Canada (Churg 1985), led to 
estimates of incidence for that province in 1982 that were considered consistent with what 
would be predicted from the national survey of all other provinces excluding British 
Columbia (McDonald et al. 1989b). 

United Kingdom (Table 6-9) 

In the United Kingdom, since the late 1960s when rates for mesothelioma were first 
documented, those in men have exceeded those in women, by a factor of 5 in the period 
from 1967 to 1968 (Greenberg and Lloyd-Davies 1974) and by a factor of 2.5 in the period 
from 1968 to 1975 (Gardner et aI. 1982). In other words, in contrast to the U.S. data (Archer 
and Rom 1983), documentation does not appear to exist for a time period when rates were 
comparable in men and women. There is also some clinical evidence (cited by McDonald 
1985) that gender differences in U.K. rates began to appear in the 195Os. Rates oontinued 
to rise in both men and women between the two periods, 1968 to 1971 and 1980 to 1983, 
not only for pleural tumors (Gardner et aI. 1982), but also for peritoneal tumors (Gardner 
et aI. 1985), even though the latter oonstitute only a small proportion of the overall 
population burden of this tumor in the United Kingdom. 
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Table 6-9. Mesothelioma Rates in the Un~ed Kingdom: Results of Selected Studies Illustrating Time Trends 

Commentsa 

Source 
Sites 

Country; Years Diagnostic cr~eria 
First Author of Incidence per Million Reference population 
(year) Study Age Men Women Other, including authors' comments 

England, t967 - 1968 All Male:Female Department of Employment 
Scotland and 5:1 Medical Services Division 
Wales; Pleural and per~oneal 
Greenberg Pathologic criteria 
and Lloyd- Not pertinent 
Davies 68% w~h asbestos exposure: 
(1974) overall rate 2.29 per million; rates 

over 8 per million in Clyde and 
Mersey side 

England and 1968 - 1975 All 5.0 2.0 Offices of Population Census and 
Wales; Surveys 
Gardner et Pleural tumors only 
al. (1982) Death certificates 

1971 census 
Rates increased over time in men, 
not in women; geographical 
pattern followed asbestos 
industries 

Great Britain; 1968 - 1971 All 4.9 1.5 Br~ish Mesothelioma Register 
Jones et al. 1972 - 1975 7.1 1.7 Pleural and peritoneal 
(1988b) 1976 -1979 11.4 2.4 Death certificates 

1980 - 1983 15.3 3.2 Registrar General's annual 
population data 
Rates increased approximately 
10% annually in men, 6% in 
women 

England and 1967 - 1982 All 0.8 0.4 HSE Mesothelioma Register 
Wales; Peritoneal tumors 
Gardner et Death certificates 
al. (1985) Standardized to 1971 census data 

Rates increased in men and 
women over time 

11 Entries in this column correspond to these listed categories, 

Other Countries in Europe (Table 6-10) 

Data have also been reported for several Scandinavian countries. In Denmark (Anderson 
and Olsen 1985) and in Norway (Mowe 1982), as in the United Kingdom (see above), rates 
for mesothelioma in men have exceeded those in women since they were first documented. 
In Denmark, documentation dates from 1943 and in Norway from 1969. In Finland, by 
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contrast, cancer registry statistics suggest that the tumor was equally frequent in men and 
women until the mid-1960s, when their rates began to diverge (Nurminen 1975). In line 
with the predictive model, this suggests that in Norway and Denmark, men had 
experienced significant occupational exposures in the period between World Wars I and 
II, and in Finland this had occurred a little later, possibly during World War II. All three 
countries are maritime and support shipping and marine activity. The only asbestos minlng 
in the region was in Finland, and the fiber mined was anthophyllite, a fiber which has not 
been associated with mesothelioma occurrence (McDonald and McDonald 1977). 

Table 6-10. Mesothelioma Rates in Other Countries in Europe: Resuns of Selected Studies Illustrating Time Trends 

Country; 
First Author 
(year) 

Denmark; 
Anderson 
(1985) 

Norway; 
Mowe 
(1982) 

Netherlands; 
Meijers 
(1990) 

Years 
of 

Study 

1943 - 1947 
1948 - 1952 
1953 - 1957 
1958 - 1962 
1963 - 1967 
1968 - 1972 
1973 -1977 
1978 -1980 

1970 -1974 
1975 -1979 

1970 - 1978 
1979"- 1987 

Age 

All 

All 
All 

Incidence per Million 
Men Women 

1.5 
2.0 
3.0 
7.0 

10.0 
13.0 
14.5 
14.7 

4.5 
7.4 

10.8 
20.9 

< 1.0 
< 1.0 

1.5 
1.5 
3.2 
5.0 
6.0 
7.0 

1.1 
1.3 

2.5 
3.6 

• Entries in this column correspond to these listed categories. 

Commentsa 

• Source 
• Sites 
• Diagnostic criteria 
• Reference population 
• Other, including authors' comments 

• National Cancer Registry 
• Pleural and peritoneal 
• Pathologic reports and death 

certfficates 
• European standard population 
• Ratesb increased in men and women 

until the early 1970s but then appear 
to stagnate 

• Cancer Registry of Norway 
• Pleural and peritoneal 
• Pathologic reports 
• Central Bureau of Statistics 1972 

and 1976 population midpoint 
• 82% men, 17% women reported 

occupational exposure; from 1970 to 
1979, rates increased in men but 
remained relatively constant in 
women 

• Central Bureau of Statistics 
• Pleural 
• Death certificates 
• Not given 
• Rates in men exhibited a stronger 

upward trend than rates in women; 
clusters related to shipping, building, 
and heavy industry 

b Rates are approximate, being derived from figure(s) or other information in the text 
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Subsequent trends in incidence rates in Norway and Denmark were different. In Norway, 
rates increased in men between the periods 1970 to 1974 and 1975 to 1979, but probably not 
in women. If the predictive model is correct, then in Norway the stable rates in women 
imply that nonoccupational exposures did not contribute to tumor burden of that 
population up to 1979. By contrast, in Denmark mesothelioma rates in both men and 
women increased from the 1940s onward through 1980, though rates in men at least, and 
perhaps in women, may have stagnated toward the late 1970s. This would be consistent 
with an effect of workplace controls, affecting men directly and women indirectly through 
domestic and, to a lesser extent, occupational exposures. 

In the Netherlands, incidence rates in men exceeded those in women for the period 1970 
to 1978; in addition, there was an upward trend, more marked in men than in women for 
the period 1979 to 1987 (Meijers et al. 1990). Also, the geographical distribution showed 
clustering in men in relation to conurbations and around the harbors, shipyards, and heavy 
industry bordering on the North Sea coast. In women, a somewhat different distribution 
was noted, with apparent clustering in the northeast and eastern parts of the country, a 
distribution for which the authors were able to offer no explanation. Rates were predicted 
to increase until the end of the century. 

Australia (Table 6-11) 

In Australia, where the national data are among the most complete for any country, rates 
in the immediate post World War II period and up to the late 1960s were low and 
comparable in men and women (Musk et al. 1989). This was followed by a dramatic rise 
in the rates for men in the late 1960s, a rise which has continued into the 1980s. Currently, 
estimated incidence rates for Australian men are some of the highest if not the highest 
reported national rates, and the situation has been characterized as an epidemic (Fergnson 
et al. 1987; Fergnson 1989). The epidemic may be stagnating according to figures given in 
the latest report of the Australian Mesothelioma Register for 1982 to 1988 (National 
Institute of Occupational Safety and Health [NIOSH], Australia 1990). This epidemic does 
not appear to have been due to overreporting. If anything, in the view of those responsible 
for the Australian Mesothelioma Surveillance Program, the rates reported are an 
underestimate of the true incidence (Ferguson et al. 1987). Rates for men and women in 
Western Australia, the location of the Wiltenoom crocidolite mine, are higher than for any 
other state. 

Amphiboles including crocidolite were widely used across the country in local asbestos 
cement products, for home construction in particular, as well as in thermal insulation. First 
exposure occurred in 1930 to 1939 in 24 percent of cases reported to the program up to 
1985, and was less than one year in duration in 7 percent (Ferguson et al. 1987). According 
to the predictive model, the rising rates in men in the 1970s are likely to reflect the impact 
of occupational exposures in the 1930s, and the pOSSible stagnation of rates in the 1980s is 
likely to reflect the impact of the closure of the Wittenoom mines in 1966, but is probably 
too early to reflect the impact of industrial regulations brought in during the late 1960s. The 
increase in rates in women is consistent with the impact of occupational and/or domestic 
exposure, though environmental exposure cannot be excluded as contributing to these 
rising rates. The distribution of exposure categories for the 107 women registered up to 
1985 is not given, but the facts that the rates in both men and women appear to be 
follOwing a parallel course and that both appear to be stagnating in the 1980s suggest 
common exposure sources. 



6·44 Asbestos in Public and Commercial Buildings 

Table 6·11. Mesothelioma Rates in Australia: Resuks of Selected Studies Illustrating Time Trends 

Commentsa 

• Source 
• Sites 

Country; Years • Diagnostic criteria 
First Author of Incidence per Million • Reference population 
(year) Study Age Men Women Both • Other, including authors' comments 

All states; 1947 - 1959 35+ < 1.0 < 1.0 < 1.0 • Cancer Registries; Mesothelioma 
Musk 1959 - 1963 < 1.0 < 1.0 < 1.0 Surveillance Programb

; pathoiogists 
(1989) 1969-1973 5.0 1.0 • All sites 

1974 - 1978 17.0 2.5 • Pathologic criteria 
1979 - 1980 28.0 4.0 15.5 • Standard world population 

• 59% with confirmed exposure; ratesC 

in men and women increasing 

All states; 1982 20+ 23.1 2.8 12.8 • Mesothelioma Surveillance Program 
Ferguson • All sites 
(1989) • Pathologic criteria 

• Reference population not given 

All states; 1982-1985 20+ 27.0 3.5 15.1 • See above; 68% reported exposure, 
Ferguson 27% did not 
(1987) 

All states; 1986 20+ 28.9 4.7 18.0 • See above: epidemic thought to be 
Ferguson rising 
(1989) 

Western 1960 - 1964 35+ 6.0 0.0 • Records of public hospitals, State 
Australia; 1965 - 1969 8.0 1.0 Heatth Lab Service, Perth Chest 
Armstrong 1970 - 1974 16.0 1.0 Clinic, and Pneumoconiosis Board 
(1964) 1975-1979 39.0 4.0 • All sites 

1980-1982 66.0 7.0 • Pathologic criteria 
• Standardized to world population 

20 years+ 
• 70% reported asbestos exposure 

All states; 1982 20+ 22.2 2.6 11.8 • Mescthelioma Registry 
Mescthelioma 1983 22.0 2.7 11.9 • All sites 
Register 1984 27.5 2.8 14.5 • Pathologic criteria 
(1990)d 1985 23.0 2.6 12.0 • World standard population 20 years+ 

1986 35.0 3.5 18.0 • RatesC published without comment 
1987 25.0 3.4 13.0 
1988 32.5 3.3 17.0 

a Entries in this column correspond to these listed categories. 
b The program started in New South Wales in 1970, and attempted to cover all Australia from 1981. 

C Rates are approximate, being derived from figure(s) or other information in text. 
d See National Institute of Oocupational Safety and Health, Australia (NIOSH 1990). 
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Table 6-12. 

Country; 
First Author 
(year) 

All provinces'; 
Botha 
(1986) 

Crocidolite 
mining areas; 
Botha 
(1966) 

All provinces'; 
Zwi 
(1989) 

All provinces 
Zwi 
(1989) 

In Australia (Ferguson et al. 1987), as elsewhere <McDonald and McDonald 1977), a 
substantial proportion of cases (27.6 percent) do not report exposure to asbestos; in other 
words, these are cases which are potentially attributable to environmental exposure, 
including exposure to ACM in buildings. However, if the rates in women are indeed 
stagnating, this is contrary to what could be expected from the predictive model if 
environmental exposures in post World War n buildings containing ACM were having an 
impact on the public's health. Of course, the climate of Australia may mean that 
Australians spend much less time indoors compared to North Americans, who on average 
spend over 90 percent of their time indoors (Samet et al. 1988), though the number of 
working hours spent inside office buildings may nevertheless be comparable in the United 
States and Australia 

Mesothelioma Rates in South Africa: Results of Selected Studies Illustrating Time Trends 

Commentsa 

• Source 
Years • Sites 

of Incidence per Million • Diagnostic criteria 
Study Age Men Women • Other, including authors' comments 

1968-1980 35-74 21.0 6.0 (white) • Department of Statistics 
13.0 9.0 (colored) • All sites 

• Death certificates 

1978 - 1980 0-44 < 1.0 < 1.0 (while)C • Department of Statistics 
45-54 9.0 6.0 • Afl sites andlor asbestosis 
55-64 16.0 7.0 • Death certnicatesC 

65-74 69.0 30.0 • High age-specific rates in mining 
75+ 43.0 areas, especially for women who 

were not employed in mines till 
0-44 1.0 2.0 (colored) 1950, implicate environmental rather 

45-54 8.0 8.0 than occupational exposure 
55- 64 28.0 6.0 
65-74 36.0 0.0 

1976 15+ 27.6 3.9 (whtte) • Cases registered by doctors and 
1978 31.4 10.5 hospitals inlnear mining areas and 
1980 41.6 8.5 factories, by the Medical Bureau for 
1982 32.7 8.9 Occupational Disease, and by 

40.5 12.7 Mesothelioma Register and SA 
Asbestos Tumor Reference Panel 

1976-1964 15+ 32.9 8.9 (white) • Pleural and peritoneal 
24.8 13.9 (colored) • Pathologic criteria 
7.6 3.0 (black) • Ratesc high but apparently stable in 

men and women in the 1980s: 
58% men, 50% women reported 
occupational or environmental 
exposure; in 10% of both no 
exposure was reported 

• Entries in this column correspond to these listed categories. 
b Data from the homelands not available: reference population from Department of Statistics for the midpoint of the years cited. 

Factors contributing to different rates by population group include differential access to health services, and for blacks 
absence of data from the homelands. 
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South Africa (Table 6-12) 

Two studies are pertinent to the present issue. In the first <Botha et aI. 1986), the authors 
cite the national rates for mesothelioma for 1968 to 1980 as being among the highest ever 
reported. For men, incidence rates were higher in white people than in colored people (a 
designation indicating a person of mixed race) (21 vs. 13 per million); for women the 
reverse occurred (6 vs. 9 per million). They then go on to report on their analysis of data 
from the crocidolite mining areas of the country, in which they showed SMRs for 
mesothelioma and/ or asbestosis for men and women from the crocidolite mining areas of 
the North-West Cape (where 2 to 4 percent of adults were employed in mining) to be 
considerably higher than those for contiguous areas (where under 1 percent of adults were 
employed in mining); for white men and women these were 7.9 and 10.3 per million, for 
colored men and women 804 and 8.7 per million. Elevated SMRs were also found for lung 
and stomach cancer. Both occupational and environmental exposure were implicated, the 
latter especially in colored women. 

In the second study, ascertainment of mesothelioma cases from 1976 to 1984 was carried 
out on a nationwide basis using various sources of information (2wi et al. 1989), and 
annual rates were calculated for the period. Annual rates were unstable, so trends should 
be interpreted with caution. Nevertheless, age-standardized incidence rates in all 
population groups appeared to increase during the 1970s, whereas thereafter in the 19805 
there was no clear evidence of an increase in any of them. Levels of exposure in South 
African workplaces were reduced progressively from the 1940s to the 198Os; production of 
asbestos aIso fell in the 198Os, as did the use of crocidolite (Becklake 1987), factors which 
may have contributed to the stabilization of rates. In addition, in all population groups, 
rates were higher in men than in women.' Estimated incidence was also higher in white 
men than in colored men, and higher in colored men than in black men. Among the 
women, the highest rates were in colored women. The low rates in black people were 
attributed largely to underascertainment and unequal access to health care facilities. Note 
the rates in white South African men are among the highest national rates reported, and 
comparable to those of Australia, the only other country with a crocidolite mining industry. 

6.2.3_3 Age-SpecifiC Trends: Data from Selected Regions 

United States 

As already diSCUssed, overall annual rates for mesothelioma incidence in men in the United 
States increased steadily though the 1960s and 19705 with a possible stagnation of the rate 
of increase in the 1980s (see Table 6-8). Age-specific data for men are also available from 
several sources, including the National Cancer Institute record of cancer deaths (Archer and 
Rom 1983), the SEER data and certain regional cancer registries (Spirtas et a1. 1986), and 
the University of Pittsburg mortality and population data system (Enterline and Henderson 
1987). All age-specific rates in men and women in the United States are lower than those 
in the other countries represented in Table 6-13; only in Norway do the rates for women 
approach those in the United States. In addition, all U.S. studies are consistent in showing 
that during the 1970s mesothelioma rates appear to be stable for cohorts under age 54, and 
all U.S. studies except Archer and Rom (1983) showed that rates in those 6S years of age 
and over have continued to increase. However, certain modifications in these trends 
through 1986 are suggested in the analysis of SEER data up to that date <Hoel 1990) (see 
Figures 6-5 and 6-6). Thus, in men 45 to 54 years old, incidence rates in the 1980s were on 
the whole lower compared to those in the 1970s, and rates in the older cohorts (55 to 64, 
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65 to 74, and 75 to 84 years of age), though higher than those in the 1970s, may be 
stabilizing. The data in women. are less easy to interpret because the number of cases is 
smaller and consequently there is less stability in rates. Nevertheless, the trends are similar 
to those in men. Thus in women 45 to 54 years old, incidence rates in the 1980s appear to 
be lower than those in the 1970s, while rates in the older cohorts (55 to 64, 65 to 74, and 
75 to 84 years of age), though higher than those in the 1970s, may be stabilizing. 

The parallel trends in age-specific rates in men and women are somewhat surprising since 
they suggest similar, not different, exposure sources, contrary to what is proposed in the 
predictive model. Nor are reasons obvious for the apparently lower rates in the United 
States in the 1980s compared to the 1970s in both men and women in 45- to 54-year-old 
cohorts. Occupational asbestos exposure is unlikely to have affected either men or women 
in this cohort prior to 1951, though both may have been subject to environmental or 
domestic exposures associated with World War II and post World War II increases in 
asbestos use. It is surprising that rates in men at least do not reflect occupational exposure 
associated with the postwar increase in asbestos use; the reason may be inadequate latency. 
Nor do the data in these age cohorts of men and women provide evidence in support of 
an increase in the contribution of exposure in buildings containing ACM to the 
mesothelioma burden of the U.S. population. Again, this may be due to inadequate latency. 
It may also be due to insenSitivity of these rates and this type of analysis to the effects of 
low exposures. 

The rise in incidence rates in the 1980s compared to the 1970s in the older cohorts of men 
and women (55 to 64, 65 to 74, and 75 to 84 years of age) probably still reflects their 
asbestos exposures during World War II, occupational, domestic, and environmental. The 
fact that the rates appear to be stabilizing in the 1980s could also be interpreted as evidence 
against a contribution from exposures in buildings containing ACM. However, even given 
the higher rates in older individuals, latency may be inadequate and incidence trends too 
insensitive to detect the consequences of low-level exposure. 

European Countries 

Of the four industrialized countries of Europe for which overall rates in men continued to 
increase up to the 1980s and for which age-specific rates have been reported, namely the 
United Kingdom (Jones et al. 1988b), Denmark (Anderson and Olsen 1985), the Netherlands 
(Meijers et al. 1990), and Norway (Mowe 1982), the increase in all was confined to age 
cohorts 45 years and up. Only in Denmark is there perhaps evidence for a stagnation in the 
rate of increase, and this is seen only in the youngest of these age cohorts, that is, age 45 
to 54, by the period 1978 to 1980; this may reflect the effects of precautions in the use of 
asbestos implemented in that country in the 1950s, prior to a subsequent prohibitive ban 
(Anderson and Olsen 1985). Also of interest is the fact that in Norway, as in the United 
States, age-specific rates in men under 4S for the period 1975 to 1979 appear to have 
declined to a level close to that of Norwegian women of the same age, suggesting perhaps 
the beginning of the control of the epidemic of the 1970s in that country. By contrast, in the 
United Kingdom and the Netherlands, age-specific rates for older men continued to 
increase into the 1980s, with men in the Netherlands aged 65 to 74 years experiencing some 
of the highest rates recorded anywhere for their age cohort, exceeded only in South Africa. 
This age group reflects those entering the workforce in the immediate postwar period, a 
group which would have accumulated 20 years of exposure prior to the introduction of 
controls in the United Kingdom (Jones et a!. 1988b) and 30 years of exposure prior to the 
introduction of controls in the Netherlands (Meijers et al. 1990). 



Figure 6·5. Age-Specific Incidence Rates for Mesothelioma for Women 
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Figure 6·6. Age-Specific Incidence Rates for Mesothelioma for Men 
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In regard to the mesothelioma rates in women in the four industrialized countries of 
Europe referred to above, only in Norway (Mowe 1982) have these not shown an increase 
in the 1960s and 1970s. in that country also age-specific rates in women appear to have 
been stable for all but the oldest reported cohort, aged 65 to 74 years; that is, an age cohort 
which reflects exposures during the 194Os. In the other three countries, though age-specific 
rates for women up to age 45 have been stable with the possible exception of Denmark 
(Anderson and Olsen 1985), age-specific rates for women in cohorts aged 45 years and over 
have consistently shown a tendency to increase, a tendency which is strongest in the data 
from Denmark (Anderson and Olsen 1985), less strong in the U.K. data (Jones et a1. 1988b), 
and least in the data from the Netherlands (Meijers et a1. 1990). Indeed, in the Netherlands 
the evidence is consistent with the epidemic of mesothelioma affecting women in the 1970s 
coming under control. 

Australia and South Africa 

In the last two countries listed in Table 6-13, exposure has, as already mentioned, resulted 
from mining operations as well as industrial uses; and both countries have supported a not 
insubstantial crocidolite mining industry, in Australia lasting from 1943 to 1%6 (Armstrong 
et a1. 1984) and in South Africa from the late 1890s to date. 

Age-specific rates for Australia are available only for the three years 1986, 1987, and 1988 
<National Institute for Occupational Safety and Health, Australia 1990). Annual rates over 
such a short time are probably too unstable to display time trends reliably; nevertheless, 
they provide some insight into the distribution of cases by age in the 198Os. Thus, while 
there is a strong effect of age on rates in men (those for older age groups being 
considerably higher than those for younger age groups), the data also suggest that age
specific rates were stable or declining in all except the older age group (75 years and older), 
in which rates increased. The same pattern is observed in Australian women; thus, though 
their overall rates increased in the 1970s and early 19805, these appear to be stable over the 
period 1986 to 1988 (age-specific rates for less than 45 years and 45 to 54 years) or 
decreasing (age-specific rates for 55 to 64 years, 65 to 74 years, and 75 plus years). These 
findings suggest that the epidemic among men and women which developed in the 19605 
and 1970s may be coming under control, and that common exposures were influencing 
rates in both men and women. Thus the data do not permit speculation about the relative 
contributions of occupational or environmental exposure to tumor rates in this country. 

The data from South Africa, though in some ways more complete, are also less consistent 
(Zwi et al. 1989). Age-specific rates for white men and women in all the cohorts shown in 
Table 6-13 are the highest reported, higher than for the Netherlands (the highest in 
Europe), higher even than for Australia. Unlike Australia, in which for the 1980s the trend 
toward an increase in age-specific rates is seen only in men 75 and over, in South Africa 
this trend is also seen in men and possibly in women aged 65 to 74 years. In addition, in 
South Africa, all age-specific rates in all cohorts of women studied increased over the 198Os, 
an increase which may reflect not only occupational and domestic exposure, but also 
environmental exposure to asbestos, both indoor and outdoor. The increase over the 1980s 
was more evident in white women than in colored and black women (Zwi et al. 1989). 



Table 6-13. Age·Speclflc Mesothelioma Rates per Million: Time Trends In Selected Studies from Various Countries 

Country; • Source· 
:r: 

Men Women ., 
D> 

First Author • Site Years of by Age Group by Age Group ;:; 
:T 

(years) • Other Comments Study 
< 45 45 - 54 55-64 65 -74 75+ < 45 45-54 55-64 65-74 75+ 3" 

lIb 5b "!l 
U.S.; • Mortality and population data 1968-1970 > 1 >2 6 NA' < 1 2 3 NA ~. 
Enterline • Pleural 1971 - 1974 1 2 7 13 NA <1 2 2 4b NA -(1987) 1975 -1978 0.8 2 7 13 NA < 1 2 2 4 NA 

5' 
:::1 

1979 - 1981 0.3 <2 7 15 NA < 1 <2 2 4 NA 
II> 
0 -

Norway; • National Cancer Registry' 1970 -1974 0.6 2 15 20 NA 0.2 0.8 3 4 NA 
m 

~ Mowe • Pleural and peritoneal 1975 - 1979 0.3 9 19 30 NA 0.2 3 5 NA 
II> 

(1982) c 
~ ., 

Denmark; • National Cancer Registry 1948 -1952 < 1 2 5 6 <1 2' 2' < 1 S-
Anderson • Pleural and peritoneal 1958 -1962 <1 5 30 47 < 1 1 7 12 l> 

II> 
(1985) 1968 -1972 2 20 42 55 2 9 8 35 <T ., 

1978 -1980 2 18 57 80 2 10 10 48 !e-o 
II> 

U.K.; • Mesothelioma Register 1968 - 1971 <2 <10 15 18 18 <2 3 4 5 3 
Jones et al. of Deaths' 1972 - 1975 <2 12 20 28 22 <2 3 5 7 6 
(1988b) • All sites 1976 -1979 <2 15 30 45 45 <2 3 7 8 8 

1980 -1983 <2 18 45 60 65 <2 4 9 11 8 

Netherlands; • Central Bureau of Statistlcsd 1970 <2 8 33 51 8 <1 8 11 9 7 
Meljers • Pleural 1975 <2 13 30 65 30 <1 4 10 12 8 
(1990) 1980 <2 18 55 145 48 < 1 4 12 20 17 

1985 <2 25 58 127 58 < 1 3 8 8 6 
1987 <2 28 96 147 68 <1 4 6 13 12 

Australia; • National Mesothelioma Register 1986 < 2' 19 81 147 106 < 2' 5 8 26 21 
NIOSH • All sites 1987 <2 11 58 133 123 <2 5 8 19 15 
(1990) • Rates are for first five years of 1988 5 13 83 113 222 <2 5 3 6 9 

decade Indicated 

South Africa; • National survey 1976 11 h 43 74 149 82 4h 5 11 8 30 
Zwl • Pleural and peritoneal 1978 0 47 102 176 105 4 23 22 54 28 
(1989) • White 1980 16 69 118 180 102 7 14 16 21 40 

1982 16 27 103 184 99 7 9 32 21 39 
1984 15 43 101 204 240 10 18 26 67 25 I; 

a Entries In this column correspond b Rates for 65+. d Note that for these studies, rates are approximate, • Rates for age 45 to 59. g Rates for age 35 to 40 . 
to these listed categories. .. NA ,.. Not available. derived from Ilgure(s) and other informallon In the text. t Rates for age 60 to 74 . h Rales for age 35 to 44, 
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6.2.3.4 Synthesis 

Interpretation of Time Trends In Mesothelioma Incidence 

National data on mesothelioma incidence have been reviewed in light of the predictive 
model which holds that rates in men reflect primarily occupational exposures and that rates 
in women reflect primarily nonoccupational exposures, whether domestic or environmental 
(the latter including exposure in buildings containing ACM). Published data were assessed 
for evidence of (1) abatement of the impact of occupational exposures, and (2) increase in 
the impact of nonoccupational exposures on national incidence rates. The first change 
would be reflected in a stagnation of the trend of increasing incidence of mesothelioma in 
men. Because their exposure is primarily occupational, rates for men would reflect the 
impact of the improvement in workplace controls which started in the 1960s and might be 
anticipated by the late 1980s. The second change might be reflected in rising incidence rates 
in women, starting probably in the 1980s or the 1990s, that is, some 30 years or more after 
the widespread use of ACM in industrial, office, and home and school building 
construction. 

Evidence from Time Trends in Men 

As regards evidence for an abatement of the impact of occupational exposures, the increase 
in overall incidence rates for men does appear to be stagnating in certain countries such 
the United States, Denmark, and Norway, and possibly though not certainly in Australia 
and South Africa. By contrast, in the United Kingdom there is little evidence to suggest 
abatement, with rates in men continuing to increase well into the 1980s. The same probably 
holds for the Netherlands. However, even in countries in which overall rates in men appear 
to be stagnating, age-specific rates in older age cohorts continue to increase (age 55 years 
and over in the UnHed States, and in Denmark). By contrast, rates for U.S. men under 55 
years of age were on the average lower in the 1980s than in the 1970s. Currently available 
data from several countries, including the United States, are therefore consistent with 
predictions 4 and 5 above, namely, that the impact of workplace exposures on the 
population burden of this tumor is decreasing. In addition, all age-specific rates for men 
and women in the United States are lower than these rates in any of the other countries for 
which data were available for comparison (see Table 6-13). 

Evidence from TIme Trends in Women 

As regards evidence for an impact of environmental exposures on national population 
statistics, overall rates for women in some countries, namely, the United States, Norway, 
and poSsibly South Africa, appear to have been stable since the 1970s and therefore prOvide 
no evidence that environmental exposures, including exposure in buildings containing 
ACM, have had a public health impact. In other countries, such as the United Kingdom, 
Denmark, and Australia, rates in women continue to rise, a rise to which such 
environmental exposures may be contributing. However, in these countries too, the rise is 
invariably confined to the older age groups, and age-specific incidence trends for cohorts 
under age 55 appear to be stable in the Netherlands and Australia, and possibly in the 
United Kingdom, Denmark, and South Africa. 

In the case of the United States, though overall rates in women are low and have been 
stable since the 1970s, age-specific rates for the age cohorts 55 years and over appear to be 
higher in the 1980s than the 1970s while the opposite holds for the age cohort 45 to 54 
years (see Figure 6-6). Since the trends in overall and age-specific rates in women parallel 
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those in men, common exposure pressures seem likely despite the predictive model. Thus, 
all sources of exposure may be implicated in the older cohorts of women, including 
occupational (as more women entered the workforce during World War II in blue-collar 
occupations), domestic (reflecting the work exposures of their menfolk especially during 
World War II), and environmental. Within the latter category of environmental exposure, 
it is therefore not possible to exclude a contribution from exposure to asbestos in outdoor 
air or in buildings containing ACM affecting rates in both men and women. On the other 
hand, the observation that rates in both men and women aged 45 to 54 years appear to be 
lower in the 1980s compared to the 1970s provides some contrary evidence. It must, 
however, be emphasized that cancer rates in any cohorts under age 55 tend to be low, 
given that cancer is a disease with a long latency period, and that the latency period in 
these cohorts is pOSSibly too short to reflect the impact of the low levels of exposure which 
would be experienced by Cl building occupants (that is, general occupants whose working 
week is spent in the building but who are unlikely to disturb asbestos in place). 

Distribution Among Men and Women of Mesotheliomas Without an Asbestos 
Exposure History 

It has previously been noted that for mesothelioma, cases without an asbestos exposure 
history were more or less equally distributed among men and women (Peto et al. 1981). For 
instance, in a study of Los Angeles County (peto et al. 1981), of 41 such cases, 22 were in 
men and 19 in women. In a study based on the Cancer RegiStry of Norway, of 41 such 
cases, 21 were in men and 20 in women (Mowe and Gylseth 1986). In a U.K. clinical case 
series of 23 such cases, 13 were in men and 10 in women (Law et a1 1983). In a study of 
10 such cases from France, 6 were in men, 4 in women (Hirsch et al. 1982). This suggests 
one of two possibilities: either background rates for mesothelial tumors which are unrelated 
to environmental exposure of any sort are similar in men and Women (McDonald 1985), 
that is, spontaneous rates for this tumor are similar in men and women; or whatever 
environmental factors are operative in these background cases are similar in men and 
women. Only in the South African study were there more men than women (40 vs. 20) 
among cases for which no asbestos exposure was reported (Zwi et a1. 1989). 

6.2.3.5 Estimated Impact on Mesothelioma Incidence of Exposure in Buildings 

The average exposure level for recently-surveyed asbestos-containing bUildings is about 
0.0005 f/mL for schools and 0.0002 for public and commercial buildings (see Chapter 4). 
The calculations in section 6.2.2 and Chapter 8 lead to the prediction that the number of 
background mesotheliomas in the United States each year might be increased from the 
present level of about 400 per year (200 in men and 200 in women) to about 410 if the 
whole population were exposed for 20 years at work to an average level of 0.0002 f/mL, 
and a similar risk is predicted for 13·years of school exposure at 0.0005 f/mL. The whole 
population does not work in asbestos-containing buildings, however, and the risk 
assessment model discussed in section 6.2.2 predicts that only a few mesotheliomas are 
likely to occur each year due to such exposure (see also Chapter 8). Even an increase of 10 
mesotheliomas per year would not be detectable in national age-specific rates; that is, they 
would be beyond the detection capability of the analysis conducted in this section. 
Nevertheless, national mesothelioma trends, and particularly trends in nonoccupational 
cases and in women, are of interest. First, a major outstanding concern is that these average 
levels for ACM-containing buildings may not be representative. These data prOvide a low 
upper limit, albeit much higher than that predicted, for the possible impact of 
environmental exposure. Second, much heavier nonoccupational exposure probably 
occurred in the past and may still occur in some situations, and such data prOvide a means 
of identifying any such unsuspected serious hazard. 
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The observation of little or no increase in inddence rates of mesothelioma in women below 
age 50, almost all of which is likely to be nonoccupational, thus cannot confirm the risk 
assessment model discussed in sections 6.22 and 8. It does, however, indicate that any 
overall risk to the whole population is likely to be very much less than the lifetime 
background mesothelioma rate, which is about 1 in 5,000. 

6.2.3.6 Summary and ConclUSions 

The analysis of time trends in mesothelioma incidence by country permits the following 
conclusions: 

1. Mesothelioma inddenoe rates in men increased in most industrialized countries during 
the second half of the twentieth oentury, with documentation being available from the 
1940s for Denmark and Australia, from the 1960s for the United Kingdom, and from the 
19705 for the United States, Canada, Norway, the Netherlands, and South Africa. 
Though in the United States, rates for women have remained low and stable over the 
same period, in all other countries overall rates in women have also increased, though 
at a much slower rate than have the rates in men in the same country. In South Africa, 
the reported annual rates in women, though somewhat variable and much higher than 
in the United States, may have stabilized in the late 1970s and early 1980s. 

2 In countries for which data are available for the 1980s, overall inddenoe rates for 
mesothelioma in men appear to be stagnating in the United States and Denmark, and 
possibly in Australia and South Africa. Thus, the decrease in use of asbestos and 
improved workplace controls already appear to have had a favorable impact on the 
public health in these countries. In other countries, such as the United Kingdom and 
Denmark, rates continued to rise in the 1980s. 

3. Overall rates for mesothelioma incidence in women have been stable since the 1970s in 
some countries, including the United States, Norway, and possibly South Africa, and 
therefore provide no evidence of an impact on the public health from environmental 
exposure to asbestos, including exposure in buildings containing ACM. In other 
countries such as the United Kingdom and the Netherlands, rates in women, like those 
in men in the same country, continued to increase in the 1980s, while in Denmark rates 
in women continued to increase, though those in men already appeared to show signs 
of stagnation. 

4. In countries where overall inddenoe rates have continued to rise and age-spedfic rates 
are available for analYSiS, the rise has been attributable, not surprisingly, to higher rates 
in the older cohorts; for example, in the United Kingdom and Denmark in cohorts aged 
55 years and over. Even in countries such as the United States where overall rates in 
men appear to be stagnating, rates in older cohorts aged 65 years and over, and 
possibly aged 55 to 64 years are still increasing. On the other hand, rates in the United 
States in men and women 45 to 54 years of age may even be decreasing (Figures 6·5 
and 6-6). 

5. The risk assessment model discussed in section 6.2.2 and Chapter 8 predicts that the 
number of background (that is, not asbestos-related) mesotheliomas in the United States 
might be increased by 10, from approximately 400 per year (200 each in men and 
women) to about 410 per year, if the whole population were exposed for 20 years in 
buildings to the average level of 0.0002 f/mL, observed in the data reviewed in Chapter 
4, or for 13 years to the average level of 0.0005 found for schools. This small increase 
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would not be detectable by an analysis of national age-specific trends in mesothelioma 
incidence nor could such an analysis confirm the risk assessment model discussed in 
section 6.2.2 and Chapter 8. The data do, however, indicate that the overall risk to the 
population for mesothelioma in buildings is likely to be smaller in comparison to the 
lifetime background mesothelioma rate, which is about 1 in 5,000. 

6.3 Data from Experiments with Laboratory Animals and Cultured 
Cells 

6.3.1 Data from Experiments with Laboratory Animals 

6.3.1.1 Influence of Fiber Type, Fiber Size, and Fiber Number 

The use of animal experimentation to examine the possibility of adverse effects resulting 
from exposure to very low doses of asbestos has been hampered by the theoretical 
impossibility of proving a negative, given the background levels of the effects in question, 
and also by sheer cost. The most biOlogically accurate way to examine the dose-response 
relationship for effects caused by dusts is to undertake a series of long-term inhalation 
studies with large groups of experimental animals over a wide range of doses. The costs 
of this type of work in general prove prohibitive, and only one such study has been 
reported (Table 6-14), paradoxically not with asbestos but with aramid fibers (Lee et aI. 
1988). In this work rats were exposed to dose levels ranging from 25 f/mL to 800 f/mL. 
While the highest doses killed animals in the early stages of the experiment due to 
exoessive pulmonary reaction, and the highest dose that allowed full life-span survival 
produced pulmonary fibrosis and pulmonary tumors, the dose level of 2.5 f/mL produced 
no signs of pulmonary disease. The only study in which animals were exposed to different 
asbestos doses in long-term inhalation studies was that reported by Davis and associates 
(1978). In this study, rats were exposed to chrysotile at doses of 2 mg/m' (390 f/mL, length 
greater than 5 J1ID by phase-contrast optical microscopy [PCOM]) and 10 mg/m' (950 f/mL, 
length greater than 5 pm by PCOM), with crocidoJite being used at doses of 5 mg/m' 
(430 f/mL, length greater than 5 pm by PCOM) and 10 mg/m' (860 f/mL, length greater 
than 5 J1ID by PCOM). The crocidoJite sample was the Union International Contre Le 
Cancer (UICC) reference sample, which is now considered as being composed largely of 
fibers too short for maximum pathogeniC effect, and little disease was produced by either 
dose. While the 10 mg dose of chrysotile produced far more fibrosis and pulmonary tumors 
than the 2 mg dose, the difference in both cases was less than the fivefold difference in 
dust exposure. 

Wagner and coworkers (1974) adopted an alternative approach, by which rats were 
exposed to a range of asbestos fiber types at a constant dose (10 mg/mL) but over times 
varying from one day to two years. Production of both pulmonary fibrosis (Table 6-15) and 
pulmonary tumors (Table 6-16) increased with time for all dusts, but the response was not 
regular enough to determine if the dose-response pattern was linear or indeed the same 
in all cases. 
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Table 6-14. Degree of Fibrosis (Asbestosis) and Pulmonary Tumors Produced in Rats by the Inhalation 
of Mineral Fibers at Varying Dose levels 

Flbrosisa Tumorsb 

Study Dust Dose (%) (%) 

Davis et al. 1978 UICC chrysotile A 10 mg/m' 9.2 37.5 
Rats, Wistar 2 mg/m' 3.8 21.4 
(Han) male' 

UICC crocidolite 10 mg/m' 1.4 2.5 
5 mg/m' 0.8 6.9 

Lee et al. 1988 Kevlar 400 f/ml NCO M 8.3 
Rats 50% male, F 14.2 
50% female; 100 f/ml NC M 1.5 
Charles River strain F 10.1 

25 f/ml NC M 0 
F 1.5 

0.5 flml NC M 1.5 
F 0 

• PS09ntage fibrosis was caiculated by recording the percentage of lung tissue occupied by fibrosis in micrOS¢:Op9 slides from 
each ~~~ animal and taking the mean for all animals in each exposure group. 

I> Percentage tumors refers to the proportion of each experimental group developing pulmonary tumors. 

¢ NC = Not cak:ulated. 

Table 6-15. Severity of Pulmonary Fibrosis (Asbestosis) Produced in Rats by the Administration of 
Five Different Asbestos Samples for Varying Periods of Time' 

length of 
Exposure 

1 day 
3 mo 
6mo 

12 mo 
Up to 24 mo 
24 mo 

Amosite 

1.3 (26) 
2.9 (25) 
3.3 (24) 
4.8 (23) 
6.0 (23) 
6.3 (28) 

Mean Asbestosis Scores of Survivors' 
(mean survival in months) 

Anthophyllite 

1.3 (26) 
3.2 (26) 
4.2 (20) 
6.0 (25) 
6.4 (22) 
7.0 (28) 

Crocidolite 

1.2 (26) 
3.1 (27) 
3.2 (24) 
5.6 (25) 
4.2 (14) 
6.6 (29) 

Chrysotile 
(Canadian) 

1.2 (25) 
3.3 (26) 
3.7 (20) 
5.1 (25) 
5.1 (16) 

.. This table was originally pubflShed by Wagner and associates (1974) and reprinted with permission. 

b 1 = nil, 2 = minimal, 4 = slight, 6 = moderate, 8 = severe. 

Chrysotile 
(Rhodesian) 

1.4 (23) 
2.8 (28) 
4.2 (23) 
6.1 (27) 
6.1 (22) 
6.8 (28) 
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Table 6-16. Lung Tumors and Mesotheliomas in Rats Folbwing Inhalation of Five Different Asbestos Samples For 
Varying Periods of Time" 

No. of No. wtth Types of Lung Tumor 
Exposure Rats at Lung Adeno- Squamous No. with 

Risk" Tumor Adenoma Adenomatosis carcinomac Carcinomac Mesothelioma 

Amosite 
1 day 45 3 3 0 0 0 1 
3 mo 37 10 7 3 0 0 0 
6 mo 18 2 1 0 1 0 0 

12 mo 25 10 5 4 1 0 0 
24 mo 21 13 3 1 3 6 0 
Total 146 38 19 8 5 6 1 

Anthophyllite 
1 day 44 2 2 0 0 0 0 
3 mo 37 6 6 0 0 0 0 
6 mo 18 6 3 1 1 1 0 

12 mo 28 20 9 6 4(1 ) 1 1 
24mo 18 16 2 5 3 6 1 
Total 145 50 22 12 8(1 ) 8 2 

Crocidolite 
1 day 43 6 5 0 0 1 
3 mo 36 14 10 2 1 (1) 1 
6mo 18 4 2 2 0 0 0 

12 mo 26 18 5 4 3 6 2 
24 mo 18 13 4 5 2(1) 2(1 ) 0 
Total 141 55 26 13 7(1 ) 9(2) 4 

Chrysotile 
(Canadian) 

1 day 42 1 0 0 1 (1) 0 0 
3mo 34 18 15 0 3 0 0 
6 mo 17 5 2 2 0 1 0 

12 mo 23 11 1 3 6(1) 1 (1) 3 
24 mo 21 10 2 3 1 (1) 4(2) 1 
Total 137 45 20 8 11 (3) 6(3) 4 

Chrysotile 
(Rhodesian) 

1 day 45 5 4 0 1 0 0 
3 mo 36 16 11 2 3(1 ) 0 0 
6 mo 19 8 2 3 3(1 ) 0 0 

12 mo 27 19 2 4 7(2) 6(4) 0 
24mo 17 11 0 1 5(2) 5 0 
Total 144 59 19 10 19(6) 11(4) 0 

Control 
1 day 44 4 4 0 0 0 0 
3 mo 40 3 3 0 0 0 0 
6-24 mo 42 0 0 0 0 0 0 

Total 126 7 7 0 0 0 0 

~ This table was originally published by Wagner and associates (1974) and reprinted by permission. 

b Rats which survive at least 30 days after start of exposure. 

<: Numbers in parentheses are those with metastases. 
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Table 6-17. Mesothelioma Production in Relation to Dose from Published Intrapleural and Intraperitoneal 
Injection Studies 

Study 

Smith et aI. 1968 
Intrapleural injection 
Hamsters 

Stanton and Wrench 1972 
Intrapleural implantation 
Osboume·Mendel rats, female 

Wagner at al. 1973 
Intrapleural injection 
Wistar rats 
50% male. 50% female 
(Results not separated by sex) 

Polt et 01. 1987 
Wistar rats, female 

Davis and Cowie 1990 
Wistar rats (Han), male 

Dust 

"Harsh" chrysotile 

Amosite 

UICC crocidolite 

SF A chrysotile 

Crocidolite 
(own preparation) 

UICC chrysotile B 

Actinolite 

UICC amosite 

UICC crocidolite 

UICC chrysotile A 

Dose Tumors 
(mg) (%) 

25 21 
10 9 

0 

10 9 
0 

20 48 
10 41 

2 22 
1 8 

8 66.7 
4 33.3 
2 41.7 

27.2 
0.5 8.3 

8 45.5 
4 15.4 
2 25.0 
1 0 

0.5 9 

1 81.6 
0.25 61.8 
0.05 19.4 

0.25 55.6 
0.05 30.6 
0.01 8.6 

15 792 
10 75.0 

7.5 62.5 
5.0 70.8 
2.5 59.4 
0.5 46.9 

O.OS 25.0 
0.01 8.3 

15 70.8 
10 41.7 

7.5 62.5 
5.0 41.7 
2.5 56.3 
0.5 31.3 

0.05 25.0 
0.01 0.0 

15 79.2 
10 83.3 

7.5 83.3 
5.0 79.2 
2.5 68.8 
0.5 80.6 

0.05 37.5 
0.Q1 4.3 
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Table 6-17 (continued). Mesothelioma Production in Relation to Dose from Published Intrapleural and 
Intraperitoneal Injection Studies 

Dose Tumors 
Study Dust (mg) (%) 

Davis and Cowie 1990 
Wistar rats (Han), male 

Erionite 25 94.4 
10 83.3 
5 87.5 

2.5 93.8 
0.5 81.3 

0.05 46.9 
0.01 8.3 

0.005 0.0 

Injection studies allow a less expensive alternative to inhalation experiments, by which a 
wide range of doses can be administered to many groups of animals. The mesothelioma 
dose-response data obtained from injection studies are summarized in Table 6·17. Studies 
by Smith and coworkers (1968), Wagner and colleagues (1973), and Stanton and Wrench 
(1972), all demonstrated a clear dose-response relationship for mesothelioma production 
over a few doses of asbestos injected into the pleural cavity. Pott and coworkers (1987) 
included several dose levels for both actinolite and chrysotile, with the lowest dose injected 
being 0.01 mg for the former and 0.05 mg per animal for the latter. Both these doses 
produced some mesotheliomas. The pattern of mesothelioma dose response following 
intraperitoneal injection in rats has been examined in detail by Davis and associates (1991). 
In this work the UICC reference samples chrysotiIe (A), crocidolite, and amosite, as well 
as erionite, were administered to rats by intraperitoneal injection over a dose range of 0.01 
to 25 mg (for erionite the lowest dose was 0.005 mg). For all four dusts, the mesothelioma 
production rate was linear in the log scale over a wide range of doses, although for 
chrysotile and erionite a plateau effect was seen at the highest few doses once a maximum 
response had been produced. Crocidolite, which had shown the lowest response curve, 
produced no mesotheliomas at 0.01 mg, although the other three dusts still produced an 
occasional tumor at this level of exposure. Erionite did not produce any mesotheliomas at 
0.005 mg. For all dust types, while the number of tumors produced fell progressively with 
each reduction in dose, both the mean tumor induction period and the time to the first 
tumor rose in similar fashion. The fiber doses of crocidolite and erionite (greater than 8 pm 
in length) that failed to produce tumors were 148,000 and 80,000 per animal, respectively, 
which might be considered to be relatively high doses for fibers concentrated together in 
contact with the most sensitive tissue (for fibers of all lengths the corresponding figures 
were 21.4 x 10' and 3.9 x 10' per animal). The lowest dose of chrysotile which produced 
an occasional tumor was 870,000 fibers greater than 8 pm in length (55.8 x 10' fibers of all 
lengths). It is possible that in experimental groups larger than the groups of 50 rats each 
used in these studies, occasional tumors would have been observed at lower dose levels. 

The use of the artificial technique of direct intrapleural or intraperitoneal injection to 
examine the dose-response relationship for mesothelioma production may seem 
inappropriate when, with humans, all fibers reaching the lungs and eventually the pleura 
are inhaled. In one respect, however, the results of injection studies demonstrate an 
important point. While there is good evidence for a roughly linear dose response for lung 
cancer in human workers exposed to high doses of asbestos, mesothelioma production 
seems less clearly related to inhaled dose. It has to be remembered that following 
deposition in the lung parenchyma after inhalation, fibers have to be transported to the 
mesothelial surfaces for mesothelioma production to occur. Rates of fiber transport may 
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vary among individuals, and the numbers of fibers reaching the mesothelial tissues may 
not be closely related to the fiber content of the pulmonary parenchyma. What animal 
injection studies have demonstrated is that mesothelioma production is closely related to 
the dose of fibers actually reaching the sites where the tumors occur. 

Respirable dust clouds composed of asbestos or other fibrous minerals are made up of 
fibers ranging from a fraction of a micron in length to several hundred microns in length, 
but the longest fibers seldom penetrate as far as the alveolar spaces. Considerable evidence 
has been obtained from experimental studies that the pathogenicity of fibers varies with 
their length, the long fibers being the most pathogenic. The first work on fiber dimensions 
was included in the original program of Gardner, with unexpected results. Because it was 
known that quartz-related pathology increased with a reduction in particle size, Gardner's 
group included finely ground (short fiber) chrysotile asbestos in their experiments. Not 
only did the short fibers fail to increase pulmonary fibrosis, compared to long fiber 
material, but reducing fiber length Significantly reduced the level of fibrosis in the treated 
anlmals (Vorwald et aI. 1951). Further substantiation of these findings is found in the work 
of King and colleagues (1946), in which asbestos cut to different lengths on a special 
microtome was administered to rabbits by intratracheal injection. Far more pulmonary 
fibrosis was produced by long fibers (15 pm) than short fibers (25 ]lm). Similar findings 
were subsequently reported by other groups of workers (Scymczykiewicz and Wiecek 1960; 
KIosterkotter 1968). That pulmonary fibrosiS, resulting from glass fiber administration, 
depended on fiber length was demonstrated by Wright and Kuschner (1977), who injected 
specially sized glass fibers intratracheally into rats. It has been suggested that some 
techniques used to produce short fiber dust samples, especially for chrysotile, may have 
modified the surface chemistry of fibers and perhaps modified their biological activity 
(Langer et aI. 1978; Langer and Nolan 1985). It is, however, not possible to verify these 
suggestions for any of the published studies which have covered a range of different fiber 
types. 

The importance of fiber length in relation to neoplasia was demonstrated in two 
laboratories by Stanton and Wrench (1972), Stanton and associates (1977), Stanton and 
Layard (1978), and Polt and coworkers (Polt and Friedrichs 1972; Polt 1978). The data 
suggest that follOwing the intrapleural or intraperitoneal Implantation of asbestos and other 
mineral fibers, the induction of mesotheliomas by any dust preparation was most closely 
related to the number of fibers that were longer than 8 pm and less than 0.25 ]lm in 
diameter. The type of mineral appeared unimportant in these studies, with fine glass fiber 
being almost as carcinogenic as asbestos and no minerals containing long thin fibers 
producing negative results. Some studies have, however, suggested that short-fiber asbestos 
may be carcinogenic when injected intrapleurally or intraperitoneally (Kolev 1982; Le 
Bouffant et al. 1985), but these results are difficult to interpret since the short fibers are 
usually only reported as a proportion of the total. With the ability of asbestos to split 
longitudinally as well as transversely, it is quite possible to reduce the mean fiber length 
of a sample greatly while actually increasing the number of long fibers per unit mass. 
Wagner and coworkers (1984) demonstrated that following the injection of finely ground 
short crocidolite, the small proportion of long fibers present were selectively retained in the 
pleural granulomas produced by this dust. 

Since injection techniques exaggerate tissue responses to fibers by overcoming or bypassing 
clearance mechanisms, it is important to determine whether or not fibrosis and neoplasia 
are related to fiber length in dust that is inhaled. The difficulties in preparing suitable dusts 
in large quantities have inhibited the study of this question, since, as indicated, simple 
grinding of long-fiber samples does not necessarily reduce the number of long fibers 
present So far, very few studies with satisfactory dusts have been feasible. In 1986, Davis 
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and colleagues (1986) reported long-term inhalation and injection studies in rats in which 
an amosite dust preparation with almost all fibers less than 5 pm in length was compared 
to a normal amosite dust preparation containing many long fibers. The short-fiber material 
produced neither fibrosis nor neoplasia, apart from a single mesothelioma at the highest 
dose injected, while the long fibers were highly pathogenic An attempt was made to 
duplicate this study using chrysotile (Davis and Jones 1988), but the intended short-fiber 
preparation contained a small proportion of long fibers. Although it produced some fibrosis 
and pulmonary tumors in rats, the response was much less than with long-fiber chrysotile. 
When injected, the short-fiber chrysotile produced fewer tumors at any dose than did the 
long. 

Perhaps the most dramatic demonstration of the importance of fiber length was reported 
by Wagner and colleagues (Wagner et al. 1985; Wagner 1990). The mesothelioma incidence 
of almost 100 percent follOwing the inhalation of erionite in rats was reduced to zero when 
short-fiber preparations of this material were used. Data from two experimental inhalation 
studies publiShed by Davis and associates (1978, 1986) may indicate that the fiber lengths 
needed to produce disease in the pulmonary parenchyma may be different from those that 
cause mesothelioma. Of the amosite samples tested, both a very short sample and the 
medium-length UIee reference sample produced minimal pulmonary fibrosis and almost 
no pulmonary tumors. In contrast, a long-fiber sample produced large amounts of fibrosis 
and significant numbers of pulmonary tumors. When the three dusts were injected at the 
same dose, both the long-fiber sample and the UIee material produced mesotheliomas in 
almost all animals, while the short-fiber material produced none. The implications of these 
results are that very short fibers produce little or no disease at any site, medium-length 
fibers (8 to 10 pm) can cause mesotheliomas, and longer fibers (perhaps 15 to 25 pm) are 
needed to produce disease in the pulmonary parenchyma. 

While experimental studies have clearly demonstrated the importance of fiber length in the 
production of pulmonary fibrosis, pulmonary tumors, and mesotheliomas, the exact hazard 
for fibers of any dimension compared to any other could be definitively determined only 
with fiber preparations in which all fibers are of uniform lengths, and these have not so far 
been available. The routine counting procedures used for asbestos monitoring in the 
workplace count only fibers greater than 5 pm in length as seen by PCOM. The choice of 
a 5 pm cutoff was based on little evidence at the time when it was introduced but seems 
to have been a fortunate one (Walton 1982). Fibers below this length certainly seem less 
harmful than fibers 10 to 20 pm in length, but whether or not there is a fiber length below 
which there is no biolOgical potency remains to be determined. The relative carcinogenicity 
of short fibers is of particular importance when environmental or building occupation 
exposures are considered, since most of the asbestos fibers found in these circumstances 
are well below 5 pm in length. 

In addition to evidence that asbestos fiber dimensions are of great importance in disease 
production, there appears to be variation depending on the mineral type of asbestos 
involved. There is good evidence from human epidemiologic studies that the risk of 
mesothelioma is higher with crocidolite, and perhaps amosite, than with chrysotile. 
Initially, animal experimentation appeared to contradict these findings, with chrysotile 
preparations being reported as equally hazardous as the amphiboles when administered 
by inhalation and injection (Wagner et al. 1973,1974, 1980; Davis et al. 1978, 1986; Bolton 
et al. 1982; Davis and Jones 1988). The earlier of the above studies involving inhalation 
demonstrated that much less chrysotile was present in lung tissue at the end of the 
inhalation period, but it was suggested that this was due to the curly fibers of chrysotile 
penetrating less well to the lung parenchyma than the straight amphibole fibers. In later 
studies (Davis 1989), however, it was demonstrated that much of the difference was due 
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to the very rapid removal of chrysotile from lung tissue, probably by dissolution. In these 
rat studies it was reported that while clearance rates for long and short amosite 
preparations over a six-month period were 14 and 20 percent, respectively, the comparable 
figures for long and short chrysotile were 55 percent and 90 percent. In experimental 
conditions where massive doses are administered over a large proportion of the rat life 
span, enough chrysotile can obviously remain in the lung tissue to cause high levels of 
disease comparable with the amphiboles, in spite of rapid removal In human situations 
where even past industrial exposures were at least an order of magnitude lower than in 
the animal experiments, it has been suggested that the dissolution of chrysotile is likely to 
be much more important (Davis 1989). Being a chemical process, chrysotile dissolution may 
be assumed to occur at much the same rates in the lungs of rats and humans. Tumor 
production, however, is known to require a Significant proportion of the life span of any 
species, and in long-liVed humans, rapid chrysotile dissolution may result in keeping fiber 
concentrations in the lung below the level where significant numbers of tumors would be 
detected. Rapid removal of chrysotile from human lung tissue has been confirmed by many 
investigators (Pooley 1976; Rowlands et a!. 1982; Gylseth et al. 1983). 

Risk assessments relating to tumor production by asbestos in humans are based on 
extrapolation from populations of heavily exposed asbestos workers, for whom such 
exposure data as are available are generally consistent with a linear response, at least for 
pulmonary carcinomas. These extrapolations are based on the idea of a continuous linear 
response down to the extremely low levels of asbestos met in the nonworking environment 
One theory assumes that asbestos fibers initiate carcinogenesis by direct damage to DNA 
or chromosomes, so that theoretically at least one fiber would be capable of initiating the 
formation of a tumor. This method of carcinogenesis by fibers is not established, however, 
and the assumption that the dose-incidence curve should remain linear over the entire dose 
range conflicts with the well-established principles of DNA repair and tumor promotion. 
Other mechanisms of fiber carcinogenesis have also been postulated. For example, it has 
been suggested that pulmonary carcinomas develop only after there has been sufficient 
pulmonary damage to produce fibrosis a process generally accepted as requiring relatively 
high fiber levels (Browne 1986). It is postulated that in these circumstances widespread 
pulmonary damage, with concomitant hyperplasia and metaplaSia of alveolar epithelial 
cells, creates an environment where the chances of spontaneous carcinogeniC mutations are 
increased. Some support for this suggestion is found in animal experiments, in which 
groups of animals developing large numbers of pulmonary tumors have been reported as 
having high levels of fibrosis as well. Early pulmonary tumors are frequently seen to arise 
from the centers of highiy fibrosed areas of lung tissue, and Davis and Cowie (1990) 
(fable 6-18) reported that in a group of 85 old rats from a number of asbestos inhalation 
experiments, all with pulmonary tumors, an average of 12.5 percent of lung tissue was 
occupied by advanced fibrosis. In contrast, the lungs of 59 rats of similar age from the same 
studies but without tumors averaged only 7.3 percent of advanced fibrosis. While there is 
less evidence that mesothelioma production requires Significant pleural damage, and 
therefore relatively high fiber doses to cause it, a requirement for preliminary pleural 
fibrosis has been suggested by Suzuki and Kohyama (1984) and Kuschner (1987). If this 
theory of asbestos carcinogenesis were to prove correct, then very low fiber doses might 
have little or no carcinogenic potential, and the models for human risk assessment would 
have to be revised accordingly. Hence, the actual mechanisms of fiber carcinogenesis, 
discussed further in the next section of the Report, remain a most important topic for future 
research. 
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Table 6-18. The Relationship Between Tumor Production and Advanced Pulmonary Fibrosis in Rats 
Treated by Inhalation with a Variety of Mineral Fibers' 

Malignant Benign Mean Areas of 
Pulmonary Pulmonary Interstitial Fibrosis 

Type of Dust Tumors Tumors in Old Animals 

UICC chrysotile A + t~anium dioxide 22 4 12.9 
Tremolite 18 2 14.5 
Long amosite + titanium dioxide 18 1 9.5 
Long chrysotile 15 8 12.6 
Wet dispersed chrysotile (WOC) 14 7 9.6 
Milled chrysotile 14 2 8.8 
Milled woe 13 5 12.8 
Factory WOC 10 11 12.1 
Long amosite 10 4 10.0 
UICC chrysotile A 8 7 9.1 
Short fiber chrysotile 7 2.4 
Factory chrysotile 3 8 7.7 
Ceramic alum inurn silicate 3 1 5.0 
Brucite 2 3 2.9 
Factory arnosite 0 0 8.5 
UICC amosite 0 2 2.6 
UICC crocidol~e 0 1 1.4 
Short fiber amosite 0 0 0.1 

.. This table was published by Davis and Cowie (1990) and illustrates that significant levels of ·carcinogenicity found in animal 
experiments using mineral fibers are atmost invariably associated with advanced pulmonary fibrosis in the same group of 
animals. Reprinted with permission. 

1 

Ilgren (1989) surveyed the data from all experimental studies on mesothelioma production 
and inferred that the combined evidence supports the concept of a threshold, based on the 
fact that the numbers of mesotheliomas reported in untreated controls were similar to those 
in animals given very low fiber doses' . However, adequate evaluation of Ilgren's 
conclusions regarding the existence of a mesothelioma threshold is not possible on the basis 
of his preliminary report, which provides no rigorous statistical analysis of the data or of 
the dose-response relationship represented. Nevertheless, his summary draws attention to 
the fact that all types of tumors may sometimes occur spontaneously, and that exanrination 
of a response to low doses of any carcinogen is complicated by background tumor levels. 

The same interpretation appeared in publications by Ilgren and Brown (1991) and IIgren and 
Wagner (1991); however, these papers were published too recently to be included in the Panel's 
review. 
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6.3.1.2 Influence of Temporal Distribution of Dose 

Most eXperimental inhalation studies have been undertaken at a constant dose throughout 
the inhalation period, whereas human exposure may vary dramatically from time to time, 
with high peaks for short periods interspersed with longer periods of much lower 
exposure. The effects of peak exposures have been difficult to examine experimentally, 
since human peak exposures can often be two orders of magnitude higher than background 
exposures, and replications of such a differential, although feasible, would necessitate 
working at overall exposure levels too low to produce disease in the short life span of the 
rodent. Little damage is likely to be found in mice or rats at less than a one-year exposure 
at a 1 mg/m3 mass dose level, and even if a respirable dust cloud as dense as 100 mg/m3 
could be generated this would be administered on only about two separate days during 
the experiment. 

Davis and colleagues (1980) used a much lower differential between peak and background 
exposures in rat inhalation studies. With both amosite and chrysotile, peak exposures for 
one day each week prodUCed similar levels of disease for the same dust mass given over 
five days. It is now inferred that for a given cumulative dose, peak exposures have no 
greater effect than the same total mass of dust administered over a longer period unless 
the peaks are high enough to cause pulmonary overload. Pulmonary overload is extremely 
unlikely to result from human exposure through the occupation of buildings, although 
peaks could be important to workers who, during building maintenance, disturb asbestos 
materials without proper protection. Conversely, almost all animal experimentation has 
been undertaken at exposure levels that produce pulmonary overload. 

6.3.1.3 Influence of Host Factors: SpeCies, Gender, and Age at Exposure 

Results from animal experimentation vary with the species and even with the strain of 
animal used. For asbestos-related disease, a satisfactory animal model must be able to 
develop pulmonary fibrosis as well as pulmonary carcinomas and mesotheliomas in 
response to inhalation of asbestos. Theoretically, the best models for human disease would 
be based on experiments on primates, but the cost of undertaking work with these species 
is prolubitive. Nonetheless, baboons have been used in some long-term asbestos inhalation 
studies, and these animals have developed the main asbestos lesions observed in human 
lungs. Most work, as with other research in experimental tOxicology, has been undertaken 
with small rodents. Of these species, the rat shows the three main types of asbestos-related 
disease observed in humans, and it has been the animal of choice for most studies. 
Hamsters seem to develop pulmonary fibrosis and pulmonary tumors less readily than rats 
follOwing asbestos inhalation but seem to develop rather more pleural mesotheliomas. 
Guinea pigs develop pulmonary fibrosis when treated with asbestos but are resistant to 
tumor production. Mice have been shown to develop pulmonary fibrosis but are unsuitable 
for the study of asbestos-related pulmonary neoplasia since some strains have a high 
spontaneous incidence of such tumors. 

Much information has now been accumulated on asbestos-related disease using the rat 
model, but caution needs to be used in extrapolating results to the human situation. 
Qualitatively, extrapolation is probably reliable. Thus, a type or size of fiber shown to be 
hazardous in rats is likely to prove hazardous in humans, and a mechanism of disease 
production elucidated in rats will probably be found to be similar in humans. Quantitative 
extrapolation is much more uncertain. Thus, while a dose response to asbestos has been 
dearly demonstrated in experimental animals and has been used to examine the possibility 
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of a threshold, animal data cannot be used to determine a safe exposure level for humans. 
In general, asbestos-related disease occurs when sufficient levels of fiber have built up in 
tissues, and an inhaled dose that has failed to produce disease within the two-year life span 
of a rat might prove dangerous to humans, in whom dust may accumulate for 50 years or 
longer. 

Two factors that could influence the development of asbestos-related disease in rats and 
also in humans are age and gender. Unfortunately, little information is available on gender 
differences in response, since laboratories have generally standardized on the use of one 
sex only, generally the male, in their experiments. In studies where equal numbers of both 
sexes were used, tumor numbers were not significantly different between males and 
females (Wagner et a1. 1973). Similarly, most studies have commenced with young animals, 
so that the maximum proportion of the life span is available for disease development. Only 
one study has demonstrated an age effect; Berry and Wagner (1976) demonstrated that rats 
injected with asbestos in middle age developed mesotheliomas more rapidly than did those 
injected while young. This finding is important since Doll and Peto (1985) have pointed out 
that in asbestos-exposed workers, there does not appear to be an age effect for 
mesothelioma in contrast to other types of human tumors. Berry and Wagner's results were 
obtained by implanting dust directly into the pleural cavity, suggesting that the lack of a 
clear age effect in humans may well be due to the very variable transport of dust from lung 
parenchyma to pleura. Once fibers have accumulated in the pleural tissues, it appears that 
mesothelioma development does show an age effect, at least in the rat. 

6.3.1.4 Influence of Other Modifying Factors 

6.3.2 

Almost all experimentai studies have been undertaken with the purest asbestos samples 
pOSSible, whereas humans inhale asbestos in combination with other atmospheriC 
pollutants, so the effects of the other materials need to be considered. By far the most 
important particulate pollutant inhaled with asbestos is tobacco smoke, which is 
carcinogenic in its own right and which has been shown to act synergistically with asbestos 
to produce very high frequencies of pulmonary tumors in populations of asbestos workers. 
Experimental examination of this synergism has been hampered by the fact that no suitable 
animal model has been developed for tobacco smoke carcinogenesiS on its own. This 
problem was fully discussed at a conference held in 1988, the report of which was 
published by Wehner (1989). Experimental studies have, however, recently indicated that 
dusts other than tobacco smoke may enhance asbestos carcinogenesis. Davis and associates 
(1991) demonstrated that the administration of either titanium dioxide (normally considered 
an innocuous dust) or quartz increased the numbers of pulmonary tumors in rats treated 
with chrysotile and amosite. Of particular interest was the finding that quartz appeared to 
enhance the penetration of asbestos fibers through the pleural surface and that this was 
accompanied by the production of more mesotheliomas than previously found with the 
same types of asbestos when used alone. It is possible that variations in quartz exposure, 
perhaps nonoccupational, might have played a part in the variations in numbers of 
mesotheliomas reported in different populations of asbestos workers. 

In Vitro Studies of Mechanisms of Asbestos-Related Disease 

The mechanisms through which asbestos produces disease have been examined in many 
studies using cells in vitro (reviewed in Mossman and Begin 1989; Mossman et a1. 1990; 
Voytek et al. 1990; Rom et aI. 1991). These experiments have employed both human and 
rodent cells from a variety of tissues. Most recently, research has focused on the effects of 
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asbestos on "target" cells of disease, including the lung fibroblast (asbestosis), epithelial cells 
of the respiratory tract Oung cancer), and mesothelial cells (mesothelioma). The available 
information suggests that asbestos causes cytotoxic changes in these cell types at high 
concentrations, whereas at lower concentrations asbestos fibers (depending on the cell type 
used) mayor may not induce other biolOgical effects including chromosomal changes and 
growth alterations. Unfortunately, many studies have not included examination of inert 
particles or "nuisance" dusts as comparative controls. Moreover, dose-response studies over 
a range of concentrations of asbestos and nonasbestos fibers have been reported by only 
a few laboratories. in vitro studies are best grouped according to the biological changes and 
endpoints examined as discussed below. 

6.3.2.1 cell Death and Cytotoxicity 

A number of studies have examined the comparative short-term, cytotoxic effects of fibers 
and particles on cells (reviewed in Brown et a!. 1980; Beck and Bignon 1985; Mossman and 
Begin 1989). The relevance of these findings to the development of asbestos-induced lung 
disease is speculative. However, results of these in vitro bioassays have been remarkably 
consistent long fibers are more toxic to cells than equal mass equivalents of short fibers 
regardless of fiber type (Brown et a1. 1986a,b; Wright et al. 1986). 

In a comprehensive examination of 13 fibrous (asbestos and nonasbestos) samples of known 
fiber numbers and dimensions, the cytotoxicity of fibrous dusts was related to the number 
of fibers longer than 8 pm (Wright et a!. 1986). In this regard, the increased cytotoxicity of 
long fibers correlated with their ability to cause inflammation and activation of 
macrophages after injection into the peritoneal cavity of mice (Donaldson et a!. 1989). A 
single injection of long, crocidolite fibers into the peritoneal cavity caused an intense 
inflammatory reaction, elaboration of active oxygen species (AOS), and cell death 
(Goodglick and Kane 1990). These events occur after five daily injections, but were minimal 
after a single injection of short fibers. Both long and short fibers were cytotoxiC to 
peritoneal macrophages in vitro. 

In a number of in vitro studies, chrysotile asbestos tends to be more cytotoxic than 
amphibole asbestos on an equal weight (milligram) basis. As discussed below, this trend 
is reversed if toxicity is expressed on a fiber number per cell basis. This phenomenon may 
be related to surlace area in that both fiber number and surface area increase in concert. 

6.3.2.2 cell Proliferation and Abnonnal Differentiation 

Altered cell proliferation, a phenomenon occurring during hyperplasia and tumor 
promotion, can be indicated in vitro by increased colony-forming efficiency (CFE), for 
example, increased numbers of colonies of cells occurring after a seven-day exposure of 
low-density cultures to asbestos (Sesko and Mossman 1989); by increased incorporation of 
3H-thymidine, an indication of increased DNA synthesis (Lemaire et al. 1986; Sesko and 
Mossman 1989); and by increased activity of ornithine decarboxylase (ODC), a rate-limiting 
enzyme in the biosynthesis of polyamines <Landesman and Mossman 1982; Marsh and 
Mossman 1988). Polyamines are growth regulatory molecules which are increased in cells 
before cell division occurs. Increased accumulation of diacylglycerol in cells reflects an 
alteration in lipid metabolism activating protein kinase C, a protein kinase playing a key 
role in the transduction of extracellular signals leading to increased cell proliferation 
<Nishizuka 1986). 



Table 6-19. Biologic Changes in Cells of the Respiratory Tract In Vitro Indicative of Altered Cell Proliferation 

Minimum 
Concentration 

Study Biologic Endpoint Cell Type Particulate Causing Change 

Sesko and CFEb Hamster, HTEb Crocidolite (UICC) 0.05' 
Mossman 1989" Riebeckite 0.05 

Antigorite 0.05 

Marsh and ODCb activity Hamster, HTE Crocidolite (UICC) 2.60' 
Mossman 1988 Chrysotile (UICC) 0.32 

Code 100 glass 1.30 
Chrysotile (> 10 flm) 0.18 
Chrysotile (> 2 flm) 0.36 

(both Manville preparations) 

Landesman and ODC activity Hamster, HTE Crocidolite (UICC) 0.64' 
Mossman 1982 Chrysotile (UICC) 0.064 

Sesko et al. 1990 > Diacylglycerol Hamster, HTE Crocidolite (UICC) 0.10' 

Sesko and > 3H-thymidlne Hamster, HTE Crocidolite (UICC) 0.10' 
Mossman 1989 incorporation 

Lemaire et al. > 3H-thymidine Human, Chrysotile (UICC) lOd 

1986 incorporation embryonic lung 
(sustained) fibroblasts 

(WI-38) 

Cell No. 

la/cm2 dish 
18/cm2 dish 
18/cm2 dish 

6.8 x 10' 
6.8 x 10' 
6.8 x 10' 
6.8 x 10' 
6.8 x 10' 

6.8 x 10' 
6.8 x 10' 

6.8 x 10' 

6.8 x lO'/cm2 dish 

5 x 10' 

Maximum Concentration 
Showing No Effect 

0.01' 
0,01 
0.01 

Chrysotile 0.05, 0.01 

Riebeckite (2.6) 
Antigorite (5.8) 

Glass particle (2.6) 

Hematite (2.6) 

Glass beads (0.1 - 5.0) 
Riebeckite (0.1 - 5.0) 

0.01,0.05 

Chrysotile 5.0d 

Latex (5.0 - 100) 
TiO, (5.0 - 100) 

Dose-response studies using three or more concentrations of fibers and demonstrating the absence of a staUsUcally significant biologic endpoint at lower concentrations of asbestos, 

b CFE = colony forming efflclency; HTE = hamster tracheal epfthe!ial cells; ODC = omlthlne decarboxylase. 

Micrograms per dish (em;. 

d Micrograms per milliliter of mediUm. 
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One can draw several general conclusions from examination of the data in Table 6·19. First, 
both crocidolite and chrysotile asbestos cause manifestations of increased cell proliferation 
in tracheal epithelial cells. Second, long chrysotile fibers (on an equal weight basis) are 
more potent than shorter fibers in inducing increased OOC activity (Marsh and Mossman 
1988). This observation supports the results of previous studies in which increased numbers 
of cells incorporating 3H-thymidine, as well as enhanced squamous metaplasia, were noted 
in hamster tracheal organ cultures exposed to lower concentrations of long (greater than 
10 pm) versus short Oess than or equal to 2 pm) chrysotile fibers (Woodworth et al. 1983). 
Third, nonfibrous particles including the chemically similar analogues of crocidolite (such 
as riebeckite) and chrysotile (for example, antigorite) are inactive or less active than 
asbestos in bioassays of altered cell proliferation (Table 6-19) with the exception of the long
term CFE assay, which measures an increase in percentage of cell survival relative to 
untreated cells (Sesko and Mossman 1989). It should be noted that the effects of particulates 
in this bioassay are serum dependent. In contrast to crocidolite, riebeckite, or antigorite, 
chrysotile was inactive at a range of concentrations (0.01 to 0.5 pgl em' dish, the latter a 
lethal dose) in a 2 percent serum-containing medium; none of these fibers caused an 
increase in relative cell survival in a 10 percent serum-containing medium. Last, low 
concentrations of chrysotile (5 pg/mL medium) or crocidolite (0.01, 0.05 pgl em') fibers 
caused no significant increases in cell proliferations (Lemaire et al. 1986; Sesko and 
Mossman 1989). 

6.3.2.3 Mutagenesis and Cell Transformation 

Neither amphibole asbestos nor chrysotile has been observed to cause base substi tution and 
frameshift mutations in bacterial mutation assays or positive results in rodent bone marrow 
assays for detection of chromosomal aberrations or micronucleated erythrocytes 
(Chamberlain and Tarmy 1977; Shelby 1988). Although crocidolite, amosite, and chrysotile 
were observed to be weakly mutagenic in Chinese hamster lung cells in vitro, when all 
data points were considered as a whole (Huang 1979), crocidolite and chrysotile were not 
mutagenic in liver epithelial cells or in Syrian hamster embryo (SHE) fibroblasts at the 
ouabain or HGPRT locus (Reiss et al. 1983; Oshimura et al. 1984). In hamster-human hybrid 
(AL) cells, crocidolite caused an increase in the frequency of mutations at the a, locus of 
human chromosome 11 (Hei et a1. 1991). However, there was no consistent pattern or dose
response relationship for mutant yield at the HGPRT locus. 

Morphologic transformation assays have been performed with asbestos and nonasbestos 
fibers in a number of fibroblast cell lines. These systems differ, since some investigators use 
normal cells (SHE) while others use already immortal, aneuploid cell lines (C3H1aT1/2). 
Significant increases in the transformation frequency of SHE cells have been observed using 
asbestos alone in some studies (Hesterberg and Barrett 1984; Oshimura et aJ. 1984; Mikalsen 
et al. 1988), but transformation has been rare in other reports (di Paolo et al. 1983). The 
differences in transformation frequencies between laboratories using this bioassay are 
attributable in part to differing protocols, serum concentrations, or pOSSibly, modification 
of fibers by heat sterilization (Mikalsen et al. 1988). After exposure to asbestos in vitro, 
C3H10Tl/2 cells do not exhibit chromosomal aberrations andlor morphologic 
transformation (Brown et al. 1988; Hei et al. 1985). Asbestos also does not transform Balblc 
3T3 cells unless used in combination with the tumor promoter, 12-O-tetradecanoylphorbol-
13-acetate (TP A) (Lu et al. 1988). 

The mechanism of in vitro transformation by asbestos may involve the induction of 
aneuplOidy in some cell types, including mesothelial cells (Jaurand et aJ. 1986). However, 
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chromosomal aberrations in rat mesotheliomas (Craighead et a!. 1987) and human 
mesotheliomas (Gibas et a!. 1986; Popescu et al. 1988; Tiainen et al. 1988) appear to be 
complex. The most common abnormalities are inversions, transloca.tions, and deletions of 
chromosomes 1,3, 7, 9, 17, and 22 

Table 6-20 presents data from studies in which asbestos fibers have been tested for their 
ability to cause aneuplOidy or chromosomal changes in cells of the respiratory tract, 
including lung fibroblasts, mesothelial cells, and bronchial epithelial cells. Data from the 
SHE bioassay (Oshimura et al. 1984) are included in Table 6-20, since this paper and others 
from this laboratory (Hesterberg and Barrett 1984, 1985; Hesterberg et al. 1986) provide 
information on the size characteristics and geometry of particulates relevant to these 
responses. In these studies, both morphologic transformation (defined as piling up of 
contact-inhibited cells and formation of foci) and cytogenetic effects were dependent on 
fiber dimension, long fibers being most potent. For example, both crocidolite and chrysotile, 
as well as thin Code 100 glass fibers of similar dimension, caused an increased incidence 
of aneuplOidy and morphologic transformation in comparison to untreated cells. Thick 
Code 110 glass, milled glass, or alpha-quartz were inactive at the same concentrations as 
were asbestos and fine glass fibers (2.0 pg/ em' dish). Milling reduced the average length 
of the fibers from 10 to 16 pm to less than 1.7 pm and completely eliminated morphologiC 
transformation at the dosages tested. When the average length of glass was reduced to 
0.95 pm, transforming ability was totally absent (Hesterberg and Barrett 1984). Alpha
quartz and Min-U-Sil were inactive in increasing the transformation frequency of SHE cells 
at doses of up to 5.0 pg/ em' dish. 

Experiments by Price-Jones and coworkers (1980) showed that Min-U-Sil (1 to 15 pg/mL 
medium) did not induce aneuplOidy or sister chromatid exchanges (seE) in V79-4 cells, 
whereas crocidolite caused aneuplOidy, but no increases in seE, at higher concentrations 
tested (15 and 30 pg/mL medium). In contrast, crocidolite (10 pg/mL medium) caused 
increased seE in rat pleural mesothelial cells, whereas attapulgite (10 and 20 pg/mL) was 
inactive (Achard et al. 1987). In all studies using two or more concentrations of crocidolite 
or chrysotile flbers, there were concentrations (1 to 30 pg/mL medium) at which no effects 
were observed. It should be noted that amosite and crocidolite asbestos did not cause 
Single-strand breakage of DNA in human mesothelial or bronchial epithelial cells (Fomace 
et al. 1982; Gabrielson et al. 1986). However, duplicate exposures of human mesothelial 
cells to cytotoxic concentrations of amosite caused increased aneuploidy and population 
doublings (Lechner et a!. 1985). The demonstration that chromosomal changes occur in 
asbestos-exposed mesothelial cells is consistent with the hypotheSis that asbestos is an 
initiator of carcinogenesis in mesothelioma. 

It has been reported that chrysotile causes malignant transformation of mesothelial cells. 
After injection of rat mesothelial cells (passage 75) exposed to chrysotile fibers in vitro into 
nude mice, mesotheliomas developed in four out of five mice injected with cells exposed 
to chrysotile (single exposure) and in five out of five mice injected with cells exposed 
continuously to chrysotile in vitro (Fleury-Feith et a!. 1989). However, three out of five mice 
injected with untreated mesothelial cells developed mesotheliomas, an indication that 
mesothelial cells exhibit spontaneous transformation in vitro. In vitro data and tracheal 
implantation studies suggest that asbestos may also act as a cocarcinogen or a promoter in 
the development of lung tumors (reviewed in Mossman et a1. 1990). 



Table 6-20. Biologic Changes in Cells of the Respiratory Tract In Vnro Indicative of Aneuploidy or Chromosomal Damage by Fibers 

Minimum ~ 
Concentration Maximum Concentration 

Study Biologic Endpoint Species and Cell Type Particulate Causing Change Cell No. Showing No Effect 

Palekar et al. 1987' Aneuploid cells Chinese hamster, lung Crocidolite (UICC) 134b 6 x 10' 33.6b 

fibroblasts (V79) Chrysotile (UICC) 840 6 x 10' 210 
Erionite (Oregon) 43.2 6 x 10' 10.8 

Cells with chromatid and Chinese hamster, lung Crocidolite (UICC) 134b 6 x 10' 33.6 
chromosomal aberration fibroblasts (V79) Chrysotile (UICC) 210 6 x 10' NR' 

Erionlt. (Oregon) 108 6 x 10' 10.8 - 65 

Price-Jones et al. Aneuploidy (No. greater in Chinese hamster, lung Crocidolite (UICC) 15' 10',10' Crocidolite (1.5) 
1980' sister chromatid exchange fibroblasts (V79·4) 

with any dust at 1 - 30)' 
(at plating) Min·U·SiI (1,5,15) 

Oshimura et al. Incidence of aneuploidy and Hamster, embryo Crocidolite (UICC) 2.0' 2.5 X 10' NR 
1984' morphologic transformation fibroblasts (SHE)' Chrysotile (UICC) 1.0 (at plating) 0.5 

Code 100 glass (thin) 2.0 Milled glass (2.0), quartz 
(2.0, Code 110 thick) 

1.4' 8 x 10' 0.4, 1.0' ~ .. 
(at seeding) IT 

'" 
0.3' 2 x 10' NR ~ 

II> 

Jaurand et al. 1986' Aneuploidy Rat, PMC' Chrysotile (UICC) 

Lechner et al. 1985 Aneuploidy, greater than Human, mesothelial Amosite (UICC) 
population doublings cells (2x) (per cm' dish) 5' 

2.60' 200 ,; 1.0 " t: 
0.15 (at plating) ,; 0.1 .,. 
3.0 ,; 2.0 8-
3.5 ,; 2.0 

., 
" 1.15 ,; 1.0 
Q. 

Code 100 (>10) g 
3 TiO, (> 10) 
~ 

Mikalsen et al. 1988 Morphologic transformation SHE Crocidolite (UICC) 
(1% level) Chrysotile (UICC) 

Amosite (UICC) 
Anthophyllite (UICC) 
Code 100 glass (thin) 

n 
! 
III 
t: 

~ 
IQ .. 
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Study 

di Paolo et al. 1983 

Achard et al. 1987 

Paterour el al. 1985 

Gabrielson et al. 
1986 

Fornace et al. 1982 

Biologic Endpoint Species and Cell Type 

Morphologic transformalion SHE 

Sisler chromatid exchange Ral, PMC 

Morphologic Iranformation Rat, PMC 

DNA single-strand breaks Human, mesothelial 
cells 

DNA single-strand breaks Human, bronchial 
epithelial cells 

Particulate 

Crocidolite (UICC) 
Chrysotile (UICC) 
Amosite (UICC) 
Anthophyllite (UICC) 

Crocidolite (UICC) 

Chrysotile (UICC) 

Amosite (UICC) 

Amosite (UICC) 
Crocidolite (UICC) 

Minimum 
Concentration Maximum Concentration 

Causing Change Cell No. Showing No Effect 

300 ~ 40.0' 
(at plating) 

10d NR Attapulgite (10 - 20) 

0.4' NR NR 

NR NR 100d 

NR NR 25d 

• Dose-response studies using three or mora concentrations of fibers and demonstrating the absence of a statistically significant biologic erK'lpoint at lower concentrations of 
asbestos. ' 

b Number of fibers x 106/mL; 6 x 105 cells were exposed to fibers In 2 mL suspensions. 

PMC = Pleural mesothelial cells; NR = not reported. 

d Micrograms par milliliter of medium . 

• These cells are not of lung origin, but have baan compared by the authors to cell typas resulting In pleural sarcoma. 

I Micrograms par dish (em'). 

o Particulates were added at two stages In the Incubation protocol (~glcm' dish), 

II Micrograms per 20 cm2 surface area. 

:J: :g 
s: 
l 
[ 
Ii' ::s 

'" !!. 

f 
c 
iil 
S' 
~ 

I 

~ 
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In vitro studies to date have assessed the biological effects of asbestos and nonasbestos 
fibers comparatively on a mass basis (milligrams of fibers per dish or milliliter of medium) 
rather than a numerical basis (numbers of fibers of a given type per dish or target cell). 
Cytogenetic and cytotoxic effects of chrysotile, crocidolite, and erionite fibers were recently 
compared in hamster lung fibroblasts (V79 cells) on the basis of both fiber mass and fiber 
number (palekar et al. 1987, 1988). Although no differences in fiber potency could be 
demonstrated when fiber dose was calculated on a mass basis, numbers of chrysotile fibers 
required to produce cytogenetic changes were approximately 6-fold higher than that 
required for crocidolite and 20-fold higher than that required for erionite, the most potent 
fiber (Table 6-20). 

A critical question is whether a "threshold" of biolOgical response can be demonstrated in 
vitro; that is, are there concentrations of asbestos fibers which do not induce biological 
endpoints? While many dose-response studies have shown no response at one or more low 
asbestos doses, it is not possible to conclude, on the basis of this evidence alone, that 
thresholds exist. The studies may simply be insensitive or have had insufficient statistical 
power to detect small responses at low doses. Evaluation of the existence of a threshold 
would require a statistical analysis of the shape of the observed dose-response curves, 
which is yet to be satisfactorily accomplished. 

6.3.2.4 liberation of Growth Factors and Other Phannacologically-Active Materials 

A number of studies have documented the release of growth factors, proteases, 
prostaglandins, active oxygen species (AOS), and so on, from both rodent and human 
alveolar macrophages, neutrophils, and other cell types after exposure to asbestos, and/ or 
other particulates in vitro (for recent review, see Mossman and Begin 1989). Whether these 
responses are causally related to the induction or pathogenesis of asbestos-related lung 
diseases in vivo is unclear. In most studies, asbestos and nonasbestos fibers or particles 
have not been evaluated comparatively. However, a few reports have examined different 
types of asbestos and nonasbestos materials to determine if different degrees of reactivity 
occur. 

For example, chrysotile asbestos causes dosage-dependent secretion of both cyclooxygenase 
and lipoxygenase metabolites from alveolar macrophages. Phagocytosis of iron beads also 
induces secretion of the same metabolites, but in larger quantities, probably reflecting the 
lack of cytotoxicity of the particle (Kouzan et aI. 1985). In human umbilical vein epithelium, 
stimulation of arachidonate metabolism was observed with amosite, attapulgite, and 
chrysotile fibers, but not with fiberglass or giass beads (Garcia et al. 1989). These results 
suggest that increases in arachidonic acid metabolism may be linked to cytotoxicity. In 
cultures of pleural mesothelial cells, both crocidolite and chrysotile asbestos cause synthesiS 
of a protein fraction with chemotactic activity for neutrophils (Antony et aI. 1989). 
However, crocidolite produced greater chemotactic activity than did chrysotile at higher 
concentrations of fibers (5 to 30 pg/mL medium). 

Generation of AOS from phagocytic cells after exposure to asbestos has been demonstrated 
by a number of laboratories (Doll et al. 1982; Donaldson and Cullen 1984; Case et al. 1986; 
Hansen and Mossman 1987; Hedenborg and Klockars 1987). These metabolites of oxygen 
are also generated from fibers in cell-free solutions due to redox reactions occurring on the 
fiber surface (Zalma et aI. 1987). Iron, an integral component of the amphiboles, crocidolite 
and amosite, drives a modified Haber-Weiss reaction resulting in production of the potent 
hydroxyl (OH') radical. Since asbestos-induced cell injury and lipid peroxidation are 
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prevented in a variety of cell types by addition of scavengers of OH· and other AOS, as 
well as by chelation of iron on the surface of fibers (Goodglick and Kane 1986; Mossman 
et at 1986; Brown et at 1987; Gulumian and Kilroe-Smith 1987; Shatos et at 1987; Turver 
and Brown et at 1987; Garda et al. 1989), cell damage by asbestos may be mediated by 
AOS produced by fibers alone or upon phagocytosis of fibers. At higher concentrations, 
generation of AOS from human neutrophils correlates with the relative toxicity of dusts; 
for example, quartz is greater than chrysotile A, which is greater than croddolite, which 
is greater than chrysotile B, which is greater than amosite, which is greater than 
anthophyllite (Hedenborg and Kiockars 1987). However, at nontoxic concentrations, 
nonfibrous particles (riebeckite, mordenite, and glass beads) are less active than the 
respective fibers (croddolite, erionite, or glass) of similar chemical composition in rodent 
alveolar macrophages (Hansen and Mossman 1987). The enhanced ability of long fibers to 
trigger release of AOS is attributed to their inability to be phagocytized completely, 
whereas small fibers and particles can be engulfed in membrane-bound phagolysosomes. 

6.3.2.5 Modulating Factors 

Factors such as species differences in response, which may playa role in cellular response 
to asbestos, have not been explored systematically to date, presumably because of the 
difficulty in obtaining, culturing, and maintaining human cells of the respiratory tract in 
vitro. However, several investigators have explored the interactions of fibers in vitro with 
chemical carcinogens such as components of cigarette smoke. In some experiments, asbestos 
enhances the mutagenic and transforming effects of chemical carcinogens and radiation. For 
example, both crocidolite and chrysotile are inactive alone, but increase the frequency of 
mutation and transformation in rodent epithelial cells exposed to benzo[a]pyrene (]laP) 
(Reiss et al. 1983) or irradiated fibroblasts (C3H10T1/2 cells) (Hei et al. 1985; Brown et al. 
1988). In contrast, asbestos and BaP do not have synergistic effects on transformation in rat 
mesothelial cells (paterour et al. 1985). In one study, BaP and asbestos had synergistic 
effects on transformation of SHE cells (di Paolo et aL 1983), but synergism was not 
observed using the SHE transformation system according to another laboratory (Mikalsen 
et al. 1988). 

The capacity of asbestos and nonasbestos particulates to adsorb BaP and other chemical 
carcinogens has been examined by several laboratories (Eastman et al. 1983; Harvey et al. 
1984; Gerde and Scholander 1988). In studies examining the binding of BaP, 
nitrosonornicotine (NNN), and N-acetyl-2-aminofluorene (NAAF) to cbrysotile, the most 
adsorptive fiber, and a number of other fibers and particles, a good correlation existed 
between the charge of the mineral fibers, carcinogen binding, and toxicity in a macrophage
like cell line (P388D,) (Harvey et al. 1984). However, others have shown that both asbestos 
fibers (cbrysotile, anthophyllite,and amosite) and nonasbestos fibers (rock wool, glass wool, 
and slag wool) weakly adsorb BaP at about the same order of magnitude (Gerde and 
Scholander 1988). These investigators demonstrate that BaP is readily solubilized in 
phosphatidykholine (PC), a component of pulmonary surfactant, and hypothesize that 
phospholipid adsorption by fIbers is the crucial parameter to be considered in assessing 
uptake of BaP by coated fibers. Coating of both crocidolite and chrysotile asbestos with 
radiolabeled BaP enhances the uptake of the carcinogen by HTE cells and its alkylation to 
DNA over a four-<iay post-treatment period, in comparison to the situation observed when 
BaP is added directly to medium (Eastman et at 1983). In this regard, hamster tracheal 
organ cultures exposed in vitro to crocidolite, asbestos, Fe,O" kaolIn, or carbon coated with 
the chemical carcinogen 3-methylcholanthrene (3M C), develop tumors after implantation 
of tissues into syngeneic hosts in a fashion directly related to the concentration of 3MC on 
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the particulates (Mossman and Craighead 1982). In contrast, tumors do not develop from 
tissues exposed in vitro to uncoated fibers or particles. 

Others have demonstrated that prior exposure to cigarette smoke can increase the uptake 
of amosite asbestos fibers by rat tracheal explants, inducing greater amounts of cell 
proliferation and squamous metaplasia (Hobson et al. 1988). In isolated bacteriophage 
DNA, both cigarette smoke and asbestos synergistically increase DNA damage by 
stimulating OH· production, whereas OH' is not detected in preparations containing 
cigarette smoke or asbestos alone (Jackson et a!. 1987). Some workers have examined 
asbestos fibers as a vehicle for transfection of viral RNA and DNA into cells (Appel et al. 
1988; Dubes and Mack 1988). However, on a mass basis, both chrysotile and amphibole 
asbestos are intermediate in potency to other particles evaluated (such as talc and kaolin). 
Thus, the significance of these findings to mechanisms of carcinogenesis is unclear. 

6.3.2.6 Leaching of Chrysotile Versus Amphiboles 

6.3.3 

The dissolution, retention, and translocation of asbestos and man-made mineral fibers 
(MMMF) have been recently reviewed (Lippmann 1990). The structural magnesium (Mg) 
of chrysotile asbestos fibers can be removed by acid leaching, but an important question 
is whether or not chrysotile, in comparison to amphiboles, undergoes dissolution in cells 
of the lung or in simulated lung fluids in vitro. Using electron probe microanalysiS, Jaurand 
and colleagnes (1984) examined intracellular chemical modification (Mg:Si ratio) of 
Rhodesian chrysotile fibers after uptake by rabbit alveolar macrophages and pleural 
mesothelial cells (PMCs). These studies indicate that biodegradation of chrysotile occurs in 
the phagolysosomes of both cell types. A comparison between the results of these cellular 
ingestion studies versus incubation of fibers in cell-free citrate buffers (pH 7 or 4) showed 
that the kinetics of leaching by alveolar macrophages corresponded to trends in citrate 
buffer at pH 4. In contrast, leaching of chrysotile at pH 7 corresponded to patterns 
observed in PMCs. The leaching of chrysotile in vitro supports the results of experimental 
studies in rats and studies on the composition of native chrysotile fibers versus chrysotile 
extracted from human lungs (reviewed in Morgan and Holmes 1986). Leaching was 
variable from fiber to fiber, but more occurred in thin fibers with a high ratio of surface 
area to volume in comparison to fibers of a diameter greater than 1.5 pm. 

Limited work has been done on the solubility of amphibole asbestos fibers in vitro, in 
animals, or in humans. Using electron probe microanalysis, Langer and associates (1972b) 
found measurable loss of magnesium from anthophyllite and amosite after residence in the 
lungs of asbestos workers, but no degradation of crocidolite was observed. Small amounts 
of iron were leached following recovery of crocidolite from human lungs or after 
subcutaneous injection into rats (reviewed in Morgan and Holmes 1986). In a cell-free flow 
system using simulated extracellular fluids, the chemical dissolution of DICC crocidolite 
and chrysotile was compared to that of erionite and a number of MMMF (Scholze and 
Conradt 1987). The kinetics of dissolution were greatest for MMMF, followed by chrysotile, 
crocidolite, and erionite, the most durable fiber. 

ConclUSions 

1. In laboratory animals, as in humans, asbestos fibers can cause asbestosis, lung cancer, 
and mesothelioma under appropriate conditions of exposure. 
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2. In cultured cells, exposure to asbestos fibers under certain experimental conditions can 
cause cell death, chromosome aberrations, aneuploidy, cell transformation, release of 
growth factors, cell proliferation, and various other alterations. 

3. The mechanisms through which asbestos causes the above effects are not known in 
detail but depend heavily on the sizes and shapes of the asbestos fibers, as well as on 
their durability in tissue. 

4. Both in vivo and in vitro experimental studies, using a variety of techniques, have 
demonstrated a dose-response relationship for asbestos-induced effects. While many 
publications report lack of response at the lowest doses tested, the data are insufficient 
to indicate whether there is a Significant departure from linearity. 

5. There is a general agreement from both in vivo and in vitro studies that long fibers (> 
5 I'm) are more potent than short fibers. There is some evidence that very long fibers 
(for example, > 20 pm) are particularly damaging to the pulmonary parenchyma. Good 
evidence exists that thick fibers (> 2 to 3 I'm in diameter) are less harmful than thin 
fibers. 

6. Support for the importance of fiber length in the production of biological effects has 
been obtained from the use of nonfibrous analogues of asbestos and other fibers. In 
general, these materials produce no detectable biological effects, or do so only at high 
dose levels. 

7. In both in vivo and in vitro studies, where dose has been measured by mass, chrysotile 
has often proved more potent than the amphiboles. When dose has been measured by 
fiber number, however, it has been demonstrated that more chrysotile fibers are 
required to produce a given level of response than the number of amphibole fibers 
required. 

6.4 Key Factors Affecting Fiber Uptake and Toxicity 

In considering the risks to all categories of building occupants, the factors that affect the 
uptake and toxicity of asbestos fibers also must be considered. The evidence bearing on 
these questions, which has been reviewed in various preceding sections of this report, is 
summarized in this section. In vitro studies indicate that fiber length, diameter, and 
composition are critical determinants of cytotoxicity and cell transformation. Ukewise, 
studies of laboratory animals exposed by inhalation or injection show that fiber dimensions 
and composition affect fIbrosis and cancer yields. Reviews of the human exposure studies 
show that the proportions of the different diseases caused by asbestos (for example, 
asbestosis, lung cancer, and mesothelioma) vary among occupational cohorts, and that the 
ratio of mesothelioma to lung cancer tends to increase with decreasing fiber diameter for 
the durable amphibole forms of asbestos (Lippmann 1988). 

6.4.1 Influence of Fiber Diameter 

Fiber diameter affects airborne fiber penetration into and along the lung airways, and 
thereby the initial deposition patterns. The aerodynamic diameters of mineral fibers are 
about three times their physical diameters (Stober 1972; Timbrell 1972). Thus, fibers with 
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diameters larger than approximately 3 pm will not penetrate in the lungs (Lippmann 1990). 
Fibers with diameters less than or equal to 0.1 pm are less well retained in the lungs than 
larger fibers (Lippmann and Timbrell1991). Those sufficiently durable not to dissolve can 
readily penetrate the epithelial surface and be translocated to the lung interstitium and 
pleural surfaces. The fibers that remain in the lungs can cause fibrosis and lung cancer, 
while those durable fibers that are translocated to pleural surfaces can cause mesothelioma 
Thus, for asbestosis and lung cancer, the upper fiber diameter limit is on the order of 3 pm. 
For mesothelioma, the upper fiber diameter limit is likely to be much less, for two reasons. 
First, the thinner fibers penetrate to the gas-exchange region to a greater extent. Second, 
fibers thinner than 0.5 pm are translocated from the deposition sites to lymphatic channels 
to a greater degree than are the thicker fibers, and thus they can reach any organ of the 
body (Oberdorster et al. 1988). 

Influence of Fiber Length 

Fiber length can also affect fiber penetration into and along the airways. As the length 
increases beyond about 10 pm, the interception mechanism begins to enhance deposition 
significantly (Sussman et al. 1991). Thus, longer fibers have proportionately more airway 
deposition and less deposition in the gas-exchange region. Lung retention also increases 
markedly with increasing fiber length above 10 pm, both on theoretical grounds (Yu et a1. 
1990), and on the basis of analysis of residual lung dust in humans (Timbrell 1982; Churg 
and Wiggs 1987; Pooley and Wagner 1988) and animals (Morgan 1979). Furthermore, fibers 
shorter than about 6 pm in length can be readily transported through tracheobronchial 
lymph nodes and translocated to more distant organs (Oberdorster et a1. 1988). 

Exact specification of the critical lengths for the different diseases remains difficult, since 
the experimental studies generally have had, of practical necessity, to use imperfectly 
classified fiber suspensions. Also, the experimental studies have used large concentrations, 
and the extent to which the observed variations in cytotoxicity and pathology are 
attributable to differences in fiber size, as opposed to dust overload phenomena, is difficult 
to assess. The experimental results described in this review indicate that short fiber 
preparations have a lower toxicity than long fiber preparations but do not exclude their 
contributions to the lesions caused by the smaller numbers of long fibers in the tail of the 
fiber length distribution. In general, however, individual fibers shorter than approximately 
5 pm appear to possess much less toxicity than those longer than 5 pm, as demonstrated 
in the in vivo inhalation and injection studies of Davis and colleagues (1986) with long 
IDCC and short amosite fiber preparations, and those of Wagner and associates (1985) with 
long and short erionite fibers (Wagner 1990). 

Influence of Fiber Composition 

Studies of the comparative retention and toxicity of various kinds of asbestos fibers, and 
other kinds of fibrous minerals, ceramics, and glasses indicate that properties other than 
fiber dimensions affect fiber retention and toxicity. Among these are solubility, Specific 
surface area, and surface electrical charges that may contribute to redox reactions 
generating active oxygen species. Thus dimensional characteristics alone, while important, 
are insufficient indicators of fiber toxicity. It is now time to revise the Stanton hypothesis 
which acknowledges the critical importance of fiber length and diameter in biological 
responses, and to recognize the importance of the other physical-chemical properties that 
impart biological potential to fibers. A major research need is a systematic exploration of 
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the surface properties and factors affecting solubility of fibers in lung fluids and cells, so 
that due consideration can be given to fiber composition in hazard assessment. 

Influence of Temporal and Spatial Variations In Exposure Levels on 
Biological Response to Fiber Inhalation 

The HEI-AR mandate includes an explicit request to examine the influence of peak episodes 
of exposure. One could interpret this to be a charge to evaluate whether the asbestos 
inhaled during intermittent peaks of fiber concentration may contribute disproportionately 
to the hazard beyond its contribution to the long-term average exposure. If it does, then 
information On short-term peak fiber concentrations, as well as long-term average 
concentrations, would be needed in evaluating inhalation hazard potentials. This would 
complicate matters considerably, since all recent risk assessments have been based on 
health experience in workers having measured or estimated long-term average exposures. 
Additional human data have been obtained from studies of accumulated lung dust in 
workers' lungs obtained at autopsy. In such studies, it has been shown that the retention 
of asbestos fibers is directly related to the extent of lung fibroSiS, with the fractional 
retention increasing with lung loading (Lippmann and Timbrell 1991). 

Similar findings have been made in many animal inhalation studies with cytotoxiC dusts 
such as asbestos and quartz, as well as in high-dust-loading studies with "nuisance" dusts. 
Morrow (1988) has summarized these studies and has developed a mechanistic hypothesis 
to explain dust overloading of the lungs, concluding that 

..... particle overloading occurs when a certain cumulative or composite particuiate 
volume is reached in the alveolar macrophage, and that this, in tum, results, directly 
or indirectly, in the loss of alveolar macrophage mobility and alveolar macrophage
mediated particle transport. The capability of the lung to clear particles, even of low 
inherent toxicity, is an important defense mechanism. The longer insoluble particles 
reside in the lung, the more opportunities exist for adverse developments. 
Accumulation of sufficient number of perSistently retained particles may lead to a 
variety of adverse effects including, pneumoconiosis, hypersensitivity pneumonitis, 
and tumorigenesis. While it is clear that retardation of particle clearance represents 
a departure from normal behavior, it is unclear whether lung overloading or in the 
extreme, cessation of particle clearance by itself represents a toxic endpOint or 
whether it merely leaves the lung more susceptible to infection and other sources 
of injury. While this general picture is derived from limited experimental data, it 
appears to provide ooherence to an assortment of highly germane, but seemingly 
isolated experimental results." 

Morrow has found that the inability of the dust-laden alveolar macrophages to translocate 
to the mucociliary escalator is correlated with an average composite particle volume per 
alveolar macrophage in the lung. When this particulate volume exceeds approximately 
60 pm' falveolar macrophage, or about 10 percent of the cell volume, the overload effect 
appears to be initiated. 

For humans exposed to asbestos at the current Occupational Safety and Health 
Administration (OSHA) permiSsible exposure limit (PEL) of 0.2 f/mL, one can roughiy 
calculate the daily dust burden. Some assumptions are necessary, such as 10 m3 inhaled 
over an 8-hour shift, 20 percent pulmonary deposition, particle density of 2.5 gf em3

, and 
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some fiber to mass equivalence. Using the Ontario Royal Commission (1984) value of 
1 f/mL being equivalent to 33 Ilg/m' and the Weibel (1984) value of 7 mL of alveoli per 
human lung, one can calculate that the daily deposited volume of asbestos is less than one 
millionth of the volume of alveoli. Even if asbestos is only 1 percent of the total dust, and 
accumulation takes place over the two- to three-week lifetime of a macrophage, there will 
still be less than 1 percent loading in lung macrophages. Thus, an overloading situation is 
unlikely to occur at permiSSible occupational exposures, and the possibility of such 
overloading at the much lower exposures currently taking place in buildings (for example, 
at 0.0001 f/mL and below) is remote. On the other hand, for exposures at 10 mg/m3

, as are 
used in most animal inhalation studies, lung burdens would be about 1,500 times higher 
than those at the PEL, and overloading almost certainly occurs. 

Oberdorster and coworkers (1990) performed additional lung instillation and inhalation 
studies to explore further the Morrow hypothesis and the respective roles of both alveolar 
macrophages and polymorphonuclear leukOcytes (PMNs), the influx of which is indicative 
of a cellular inflammatory response. On the basis of their studies, they concluded that 

• The delivered dose rate of particles to the lung is a determinant for the acute 
inflammatory PMN response: The same dose delivered over days by inhalation as 
opposed to sudden instillation leads to a very low response. 

• The process of phagocytosis of "nuisance" particles by alveolar macrophages, rather than 
the interstitial access of the particles, appears to initiate the influx of PMNs into the 
alveolar space. 

• The surface area of the retained particles correlates best with inflammatory parameters 
rather than the phagocytized particle numbers, mass, or volume. 

• Interstitialization of particles appears to be important for inducing interstitial 
inflammatory responses including the induction of fibrotic reactions. 

The human data are quite limited, and the interpretation of the more numerous data from 
the laboratory studies on rats must be interpreted cautiously in view of the uncertainties 
of interspecies extrapolation. Still, the literature base lends support to the following 
inferences: 

1. In rats, there are thresholds of dust concentration for short-term exposure, above which 
the capacity for normal baseline rates of alveolar macrophage-mediated particle 
clearance are exceeded. While comparable data are not available for humans, there is 
reason to expect that similar increases in retention rates would oocur following 
exposures at sufficiently high concentrations. 

2. In chronic high-level occupational exposures of asbestos workers in the past, and in 
high-level exposures of laboratory animals, lung dust retention rates have increased 
with increasing lung dust burden and pulmonary fibrosis. 

3. Based on the lung burden measurements and on information on current concentrations 
of asbestos in buildings (as summarized in section 4.6, Airborne Asbestos Levels in 
Nonoccupational Settings) it is inferred that exposures of general building (C1) 
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occupants are far below the levels that are likely to result in overloaded alveolar 
macrophages. Hence, expected variations in concentration are unlikely to produce peaks 
of exposure of a large enough magnitude to affect macrophage function. 

4. If C2 (custodial) and C3 (maintenance) workers have exposures that substantially exceed 
the occupational permissible exposure limit (PEL) in the United States, they could 
approach the levels that have caused overload-related lung disease in historic 
occupationally exposed cohorts. On the other hand, if their exposures are kept below 
the PEL, then their peak exposures are of concern primarily insofar as they contribute 
to their cumulative exposure, rather than to any enhancement of risk associated with 
lung overloading. 

6.5 Recommendations for Future Research into the Health Effects 
of Low Levels of Exposure to Asbestos Fibers 

1. Epidemiologic studies of carefully selected populations should be carried out to explore 
further the long-term effects of low to intermediate levels of exposure, such as may be 
encountered by building custodial and maintenance workers. 

2. The mechanisms of asbestos carcinogenesis in pulmonary epithelial cells and mesothelial 
cells call for further study, usiog the latest techniques in molecular biology. At present 
there are conflictiog theories of asbestos carcinogenesis; on the one hand, direct 
interaction between asbestos fibers and DNA is suggested, which some have ioterpreted 
as implying that, theoretically at least, one fiber could initiate a tumor. On the other 
hand, some studies suggest that asbestos must cause damage to a relatively large 
volume of tissue to create the environment necessary for tumor formation. The 
elucidation of this problem is vital, since current risk assessment models are based on 
acceptance of the first hypothesis, and the hazards of low doses would be lower than 
predicted by these models if the latter hypothesis were correct. 

3. A major requirement for further studies on the dose-response relationships and 
mechanisms of asbestos carcinogenesis is the availability of asbestos and man-made 
mineral fiber samples of defined and uniform sizes. Although the necessary fiber 
separation techniques have not yet been developed, they probably could be developed 
if the necessary expertise and funding were made available. 

4. With dust samples of uniform size, in vivo and in vitro studies should more effectively 
examine such factors as the hazards (if any) of short fibers, the shape of the dose
response curve at low exposure levels, and whether or not different fiber types produce 
different levels of biological response when compared at equal dose levels (equal fiber 
number and equal fiber length). 

5. The importance of the fibers reaching the parietal pleura, as compared to those found 
in the lung parenchyma, must be clarified. To do so will require a multicenter 
investigation, by TEM/ energy dispersive x-ray analysis (EDXA) of cases of 
mesothelioma, lung cancer, and asbestosis, in comparison with controls. The cases 
should come from the areas mining the three main types of asbestos and from iodustrial 
plants in the United States and Europe. 
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6. A major research need is a systematic exploration of the surface properties and factors 
affecting solubility of fibers in lung fluids and cells, so that due consideration can be 
given to fiber composition in hazard assessment. 

7. Future research should, however, focus on studies of cases of mesothelioma without 
known exposure to asbestos or other known mesotheliomagenic agents. For instance, 
an analysis of time trends in the distribution of such cases among men and women 
would be of interest, as well as further work on determining what percentage indeed 
had, or may have had, exposures to mesotheliomagenic agents, known or suspected. 
Complementary lung analyses couid then establish what percentage without any known 
exposure do in fact have lung dust burdens implicating asbestos exposure. In addition, 
surveillance of national and age-specific trends in tumor incidence should be continued 
to provide the framework for interpreting research into the causes of mesotheliomas as 
well as for international comparisons. 
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Many types of man-made mineral fibers (MMMF) have been used in buildings as 
substitutes for asbestos (see section 4.1.4, Types of Asbestos Products in Buildings). Such 
fibers are of interest insofar as their biological properties and health implications resemble, 
or differ fro~ those of asbestos fibers. This chapter is a very brief survey of the topic. 

7.1 Description of Man-Made Mineral Fibers 

7.1.1 

Man-made mineral fibers is a generic term applied to fibrous inorganic substances made 
primarily from rock, clay, slag, or glass. Such fibers can be classified into three general 
groups: glass fibers (comprising glass wool and glass filaments); rock wool; and slag wool 
and ceramic fibers. The term "wool" is used synonymously with fiber when describing 
vitreous or glass material that has been attenuated without the use of a nozzle. F)bers that 
are drawn through nozzles are referred to as filamentous or continuous fibers. 

According to the International Agency for Research on Cancer (!ARC 1988): 

"More than five million tons of man-made mineral fibers are produced annually in 
more than 100 factories located throughout the world. Glass filaments are used 
mainly as textiles and as reinforcement materials in plastics. Ceramic fibers are being 
produced in increasingly large quantities for high-temperature insulation and in 
specialty products. Man-made mineral fibers release airborne respirable fibers 
during their production and use. In general, as the nominal diameter of man-made 
mineral fiber products decreases, both the concentration of mineral ftbers and the 
ratio of respirable fibers increase. Exposure levels in glasswool production have 
generally been 0.1 respirable f/ern' or less; in rockwool and slagwool production, 
exposures may occur when man-made mineral fiber products are used in confined 
spaces, such as in the application of loose insulation. Concentrations of man-made 
mineral fibers have been measured in outdoor air and in nonoccupational settings 
indoors and found to be much lower than those associated with occupational 
settings." 

Fibrous Glasses 

Fiberglass and glass wool are names for silica-based vitreous fibers manufactured by either 
die extrusion or mechanical drawing, by steam-, air-, and flame-blowing, or by chemical 
alteration of preexisting fibers with attendant thermal treatment If they are manufactured 
as continuous filament glass fibers, the chemistry and diameter are closely controlled, 
depending on their intended application. Continuous filament fibers display uniform 
diameter along most of their length. For example, soda-lime glasses melt at low 
temperatures and are easily die-extruded. Boron glasses are also easily extruded, and both 
these glasses make high-quality long-filament, strong fibers. Low-alkali glasses possess 
good dielectric properties and surface resistivity to local "environmental" conditions (the 
glasses are stable under conditions of high humidity). Alumina and magnesia added to the 
borate glasses increase their chemical stabilities. The chemical compositions of common 
glasses are given in Table 7-1. It should be noted that many fibrous glasses today are 
formulated from silica, sand, limestone, and soda ash, mixed in predetermined proportions. 



Table 7·1. Approximate Chemical Composition of Some Representive Vitreous Fibers' 

Soda-Lime Lime-Alumina Soda-Lime Soda Borosilicate, 
Chemical Borosilicate Soda-Lime Glass Borosilicate Borosilicate Refractory Glass 

SiO, 59.0 73.0 54.5 65.0 59.5 
ZrO, 4.0 
TiO, B.O 
AI,O, 4.5 2.0 14.5 4.0 5.0 
B,O, 3.5 8.5 5.5 7.0 
CaO 16.0 5.5 22.0 14.0 
BaO 
PbO 
MgO 5.5 3.5 3.0 
FaO 
MnO 
Na,O 11.0 16.0 0.5 8.0 14.5 
K,O 0.5 0.5 
F, 2.0 
H,o 

Total 100.0 100.0 100.0 100.0 100.0 

Lead Silicate 
Glass 

34.0 

3.0 

59.0 

0.5 
3.5 

100.0 

Average 
Fibrous Glass 

52-54 

13 - 16 

16 - 18 
6 -10 

3-5 
0.3 - 0.5 

0.5 - 1.0 
0.3 - 0.5 

0.5-1.0 

E = 100.0 

Wreous Wool From 
Blast Furnace Siagb 

60.24 

6.54 

25.15 

1.83 

1.08 
5.16 

100.0 

Glasses (soda-lime borosilicate, soda-lime glass, lime-alumina borosilicate, soda borosilicate, lead silicate), Phillips 1960; average glass (average fibrous glass), Schepers 
1976; slag wool (vitreous wool from blast furnace slag), Pavlushkln and Beletskii 1973. 

b Soviet Union. 
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7.1.2 

7.1.3 

Minerai, Rock, and Slag Wools 

Mineral, rock, and slag wool are terms used for vitreous products made from the precursor 
materials' names, by remelting the slag and then processing it in a manner as described for 
the glasses. These processes produce discontinuous fiber, so that the resulting materials are 
short in length and generally not spinnable. Feldspar and kaolinite, now confined 
principally to use in ceramic manufacture, were once used to make mineral wool; 
argillaceous (high clay) limestone has been used for the production of rock wool; slags, by
products from many sources including iron and steel making and base-metal and copper
metal smelting, have been used as the precursor material in the production of slag wools. 
The use of these products in the United States is currently decreasing because of the 
retrenchment in steel making and mineral processing. 

Mineral wool is the generic name for any discontinuous vitreous fiber made from a melt, 
of any origin. It must be stressed that often the wool nomenclature does not connote origin. 

The bulk chemistry and trace metal chemistry of slag wools range greatly, with relation to 
slag source: Calcium-rich vitreous fibers, with low arsenic, sulfur, and phosphorus, 
generally reflect slags derived from the iron- and steel-making processes; chromium-, 
manganese-, and nickel-containing vitreous fibers are by-products of steel making; trace
metal-rich vitreous fibers, with detectable amounts of arsenic, antimony, sulfur, etc., reflect 
origin from copper- and base-metal smelting slags. 

Ceramic Fiber 

The principal ceramic fibers in commerce in the United States are of alumina-silica 
composition. These fibers have great stability, thought to be imparted by the structural 
match of the aluminum and silicon tetrahedral units. 

Vitreous fiber displays a range of physical-chemical properties. One of the more important 
properties is that of diameter, wlrich is thought to control biolOgical potential (see Table 7-
2). 

7.2 Properties of Vitreous Fibers 

7.2.1 Crystalline Domains 

Man-made mineral (vitreous) fibers (:MMVF) are used widely as asbestos substitutes. 
Vitreous materials are macroscopically isotropic, unable to maintain periodic, atomic order 
over long distances (hundreds of angstrom units). However short-range order is present 
with local structures formed in clusters (see discussion in Hoare 1976; Turnbull 1976). High
silica glasses have been observed to contain short-range structures, ranging from open silica 
tetrahedra (cristobalite) to Si.ol1 chains (an anhydrous amphibole), as reported by Galakhov 
and Varshal (1973). 
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7.2.2 

7.2.3 

Asbestos in Public and Commercial Buildings 

Table 7-2. Diameters of Some Representative Vitreous Rbers' 

Fiber Description Diameter (range of average in pm) 

Owens-Corning 
DE 
C 
Beta 
Extra coarse 
Coarse 
Medium 
Rne 

Glass fiber 

#12 
#37 
#150 
#333 

Spinning quality 
Reinforcing fiber 
Standard insulating fiber 

Johns Manville 
Fibrous glass AAA 

100 
104 
110 

Data from Heisel (1976); Pundsack (1976). 
b A vg. = the stated average diameter for the product. 

5.3 - 8.9 
3.6 5.8 
2.5 4.6 
Avg.b _ 38.0 

18.0 - 19.0 
8.9 - 10.2 
Avg. - 0.8 

4.0 - 6.0 
9.0 - 11.0 
0.5 - 16.0; Avg. - 4.3 

0.06 - 3.0 
0.05 - 0.12 
0.20 - 0.50; Avg. - 0.33 
Avg. - 1.9 

If different cationic metals are present in silica melts, they may coordinate oxygens 
differently, as related to cation charge (Z) and ionic radius (r). Patches of orderliness will 
form follOwing the general principles of crystal chemistry. However, if unlike polyhedra 
form during quenching, they have a tendency to unmix. The immiscibility regions in glass 
melts are compositionally dependent, a function of Z/rz (the determining factor in 
influencing cation field strength). 

Stability in Biological Hosts 

Because of their different chemistries, MMVF behave differently in biolOgical hosts. The 
aluminum-silicon ceramic fibers are stable (similar Z/rz values) and are therefore long-lived 
in vivo (durable). Slag wools, rich in exotic metals, are for the most part neither stable nor 
durable in biolOgical hosts. High-soda glasses are soluble in vivo. 

The issue of fiber durability may be of extreme biological importance. Because MMVF are 
generally not stable in vivo, they appear to carry less risk of producing disease (Lippmann 
1990). It is crucial to stress that these vitreous fibers exhibit a range of properties (Dunnigan 
1990). 

Fiber Diameter 

The wool products used in thermal or acoustic insulation or in fireproofing material are 
generally larger than 3 I'm in diameter, although a small proportion of the fibers are 
thinner and, thus, are respirable (Table 7-2). Special products for high-temperature aircraft 
insulation are much thinner, with most fibers being less than 3 I'm in diameter. The wool 
or filament fibers used for reinforcement also usually have nominal diameters in excess of 
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7.2.4 

3 I'm. However, the distribution of diameters may include some respirable fibers, and 
special products may use mostly respirable fibers. 

Other Properties of Man-Made Vitreous Fibers 

Insulating glasses may be coated with binders, for example, phenol formaldehyde resins, 
with mineral oil lubricant, in a range of concentrations. The biological significance of these 
coating materials for long-term, chronic diseases is unknown. 

Specialty glasses, for specific applications, may require the formation of glass fibers with 
very small diameters (significantly less than 1 I'm). These are infrequently encountered in 
building environments. 

7.3 Levels of Human Exposure to Man-Made Mineral Fibers 

7.3.1 

Respirable fiber concentrations have been measured in U.S. plants manufacturing various 
glass and mineral wool products (Esman et al. 1979a,b; Enterline et al. 1987). Exposures in 
plants using respirable fibers longer than 5 I'm for mineral wool were estimated to be 1.5 
f/mL prior to 1945,0.3 f/mL for the years 1945 to 1960, and 0.03 f/mL thereafter. Fibrous 
glass plants appeared to have concentrations about 10 times lower. Higher concentrations 
were present in the 1977 to 1980 period in European glass and rock-wool plants, averaging 
about 1 flmL (!ARC 1988). Recent measurements in the workplace suggest that the 
emission of respirable glass fibers is limited because few fibers become airborne (National 
Academy of Sciences [NASj 1984). During the installation of glass and mineral wool 
products, primarily as insuiation, concentrations of from less than 0.01 to 20 f/mL were 
found in individual samples; mean concentrations of respirable fibers for most activities 
were less than 1 f/mL (Esman et al. 1982; !ARC 1988). 

Levels of Man-Made Minerai Fibers In Public Buildings 

A number of studies have been carried out to monitor levels of airborne MMMF outside 
and in building environments. Only the vitreous types of MMMF--glass, rock, and slag 
wools-have been widely used in public buildings, and no data for the ceramic types of 
fibers are available, mostly because of the unlikely occurrence of any of these materials in 
significant amounts. 

Analyses by phase contrast microscopy (PCM), scanning electron microscopy (SEM), and 
transmission electron microscopy (TEM) have been used to monitor MMMF both outside 
and inside buildings. Some authors found much higher fiber levels by PCM than by 
electron microscopy (Dodgson et al. 1987), but if the microscope is used with crossed-polars 
and a sensitive red plate, the isotropic nature of the vitreous wools can be used to separate 
vitreous MMMF from other mineral and organic fibers and nonMMMF (Schneider 1986). 
This is possible because many of the vitreous wools have large diameters and are easily 
visible and analyzed by optical microscopy. Some fibers may have a refractive index similar 
to the filter and mount and are thus rendered invisible (Rooker et al. 1982), but this is not 
thought to be a problem with routine MMMF commonly used in buildings. When direct 
comparisons have been made between methods (Schneider 1986; Gaudichet et al. 1989; 
Jaffrey 1990; Jaffrey et al. 1990), there is often a good degree of correlation, and for most 
purposes the analytical methods can be considered to be equivalent if the correct optical 
method has been used. 
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Table 7-3. 

Reference 

Asbestos in Public and Commercial Buildings 

Gaudichet and coworkers (1989) found that outdoor locations in Paris gave very low 
average levels of 2 x 10-6 f/ mL for MMMF in comparison with results reported by 
Friedrichs (1979) for Dusseldorf of 0.00082 f/mL and by Balzer (1976) for various towns in 
California of 0.0086 f/mL for glass fibers and 0.0022 for all MMMF. Jaffrey (1990) recently 
reported values of less than 0.0001 f/mL outside buildings in England. 

Inside buildings Balzer and associates (1971), Esman and coworkers (1980), and Schneider 
(1986) showed that air conditioners and their transmission systems did not make any 
significant contribution to ambient air pollution. Rindel and colleagues (1987) estimated that 
concentrations in buildings were some 100 to 1,000 times lower than in industry, and 
Schneider (1986) made measurements in schools and other public buildings and reported 
airborne levels ranging from undetected to 0.084 f/mL by PCM. Skovand Valbjorn (1987) 
found only one of 14 Danish town halls had a concentration above the analytical sensitivity 
of 0.00007 f/mL. The more recent measurements in buildings are summarized in Table 7-3, 
along with any results taken in control buildings or outside. Even during installation or 
disturbance of the MMMF materials in lofts, the concentrations in the living areas of homes 
were only moderately raised (Dodgson et al. 1987; Jaffrey 1990; Jaffrey et al. 1990) showing 
how difficult it is to produce high fiber levels for normal occupants in buildings. Persons 
installing vitreous fiber products will be exposed to much higher concentrations, but 
exposures will rarely exceed 1 f/mL, with most commercial products. Fiber concentrations 
of MMMF decay rapidly because of their large dimensions, resulting in increased settling 
velocity, and as a result are below the limit of detection (Dodgson et al. 1987; Jaffrey 1990; 
Jaffrey et al. 1990). 

Respirable Man-Made Mineral Fiber Concentrations in the Indoor-Air Environment 

Number of Meana Range' Analytical 
Site Samples (f/mL) (f/mL) Method 

Schneider 1986 Random sample of schools 11 0.00006 0-0.0024 PCM 

Rindel et al. 1987 Random sample of 5 0.00011 0.00006 - 0.00016 PCM 
kindergartens with MMMF 
ceifing boards 

Rindel et al. 1987 Random sample of 3 0.0001 0.000043 - 0.00015 PCM 
kindergartens with resin 
binder ceiling board 

Rindel et al. 1987 Random sample of 4 0.00004 0.00001 - 0.00007 PCM 
kindergartens with ceiling 
boards with no MMMF 

Schneider et al. Random selection of day-care 210 0.00008 0-0.00166 PCM 
1990 centers and schools with (l05 rooms) 

ceiling boards with MMMF 

Schneider et al. Random selection of day-care 24 0.00006 0-0.000195 PCM 
1990 centers and schools with (12 rooms) 

ceiling boards with no MMMF 

Schneider 1986 Sites with reported problems 6 0.00023 - 0.0029 PCM 
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Table 7-3 (Continued). Respirable Man-Made Mineral Fiber Concentrations in the Indoor-Air 
Environment 

Number of Mean8 Range" Analytical 
Reference Site Samples (flmL) (f/mL) Method 

Gaudichet et al. Buildings (79) in various 79 Inside 0-0.0062 PCM 
1989 locations, with sprayed 0.000225 

surfacing wall panel, etc. wrth 
MMMF Outside 

18 0.000002 
0-0.000015 Indirect 

TUV 1989 Universrty buildings 3 0.00041 - 0.003 

Dodgson et aI. Old houses (5) wrth MMM F 5 0.00005 0-0.00025 SEM 
1987 

Dodgson et al. New houses (5) wrthout 5 0.00018 0-0.00065 SEM 
1987 MMMF 

Dodgson et al. New houses (5), insulation 5 
1987 installed 

• 1 day later 0.00011 0-0.00059 SEM 

• 7 days later 0.00033 0.0007 - 0.00095 SEM 

Jaffrey 1990 Living space of 12 homes 39 0.0092 0.0015 - 0.049 TEM 
during installation of MMMF 
insulation (blown and blanket) 

Jaffrey 1990 Buildings (10) before 
insulation: 

• outside 10 < 0.0001 TEM 

• living space 10 < 0.00005 TEM 

• loft 10 0.00005 0-0.0005 TEM 

Jaffrey 1990 Buildings (10) after insulation 10 0.002 - 0.0005 TEM 

• Longer than 5 J.1ffi. greater than 3 J.1ffi in diameter. aspect ratio greater than 3:1. 

7.4 Epidemiologic Studies of Effects of Man-Made Mineral Fibers 
on Human Health 

For the reasons discussed above, and because most MMMF during production are 
encapsulated, incorporated into matrices, or manufactured in the presence of binders, 
MMMF have not been regulated historically in the workplace (Krantz and Remaeus 1987). 
In comparison to the many reports on asbestos-exposed cohorts, few epidemiolOgiC studies 
exist on MMMF workers (reviewed in Mossman 1988; Enterline 1991). Two large 
epidemiologic studies of fibrous glass and mineral wool production workers have been 
performed in the United States (Enterline et al. 1987; updated in Marsh et aI. 1990) and in 
Europe, under the auspices of the IARC (Simonato et al. 1987). In the U.S. study of 16,661 
MMMF workers in 17 piants, there was a small, statistically Significant increase in all 
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malignant neoplasms (standard mortality ratio [SMR] = 108.3) and in respiratory cancer 
(SMR = 1121). The latter excess was greater in mineral wool workers. The development of 
lung cancer was not related to the duration of exposure or to time since first exposure. 
Among approximately 25,000 workers in 13 European MMMF plants, there were 2,719 
deaths (SMR = 111), of which 189 were from lung cancer (SMR = 125). Lung cancer 
mortality in working producing rock and slag wool increased with time of first exposure. 
However, this increase was associated with an early technolOgical phase of fiber production 
causing high levels of airborne fibers in the workplace. No excess in lung cancer was 
observed after the introduction of dust-suppressing agents such as oils and other binders. 
Only one mesothelioma occurred, with a latency period of 13 years since the time of first 
exposure. No increases in malignancies at other sites were reported. On the basis of these 
data the lARC (1988) deemed tbat evidence for the carcinogenicity of rock wool and slag 
wool in humans was limited. 

7.5 Experimental Studies on the Biological Effects of Man-Made 
Mineral Fibers 

Most experimental studies on the harmful effects of mineral fibers have concentrated on 
the different varieties of asbestos; however, many authors have also reported studies using 
a wide variety of MMMF. This work has been extensively reviewed (World Health 
Organization [WHO] 1984; Saracci [lARC] 1986; Walton and Coppock 1987; lARC 1988). 
Inhalation studies using vitreous fibers (glass wool, rock wool, and slag wool) have 
uniformly failed to demonstrate harmful effects in experimental animals. When pulmonary 
tumors have been found, their numbers have not been significantly greater than in control 
groups. This finding probably relates to the high solubility in lung tissue of the fibers 
tested. Two very durable MMMF types (ceramic fiber and aramid fiber) have, however, 
produced pulmonary fibrosis and pulmonary tumors following inhalation in experimental 
animals (Davis et a1. 1984; Lee et al. 1988). 

Injection studies using MMMF show that these materials are highly carcinogeniC if the 
injected materials contain large numbers of long, thin fibers. Differences between these 
results and the results of inhalation studies probably occur because massive doses have 
been injected and, even with relatively soluble fibers, sufficient fiber burden in lung 
remains throughout the life span of laboratory rodents to exert carcinogeniC effects. As 
recorded in section 6.3 (Data from Experiments with Laboratory Animals and Cultured 
Cells), MMMF, when used in experiments in vitro, in general, produce results similar to 
those produced by asbestos fibers of similar dimensions. In these short-term tests, 
differences in long-term fiber solubility cannot be demonstrated. 

7.6 Summary 

There is limited evidence to suggest that exposures to rock wool and slag wool have 
produced an increased incidence of carcinoma of the lung in humans. Whether this increase 
is due to the actual mineral wools, to contaminants such as trace metals, or to other factors 
is uncertain. 

In experimental studies in rats, only very fine glass and ceramic wools with a diameter of 
less than 1.0 pm have produced mesotheliomas by inhalation and by implantation. These 
tumors have not been observed after exposure to the coarser glass wools, and no studies 
have been undertaken on the effects of the coarser ceramic fibers. These results should be 
viewed with caution as the data are still accumulating. 
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An assessmen t of the risks to the health of building occupants from exposure to asbestos 
involves many uncertainties, most notably the poor understanding of the dose-response 
relationships for different diseases, and the lack of systematically-collected data on 
exposure. It is uncertain whether or not the low ambient levels of airborne asbestos fibers 
that have usually been found to exist in today's well-maintained public and commercial 
buildings pose any risks to building occupants. However, if a linear dose-response 
relationship is assumed, it is possible to estimate the risks to building occupants based on 
the current knowledge of cancer-risk models and such exposure data as are available. For 
some types of building workers, such as those involved in custodial, maintenance, 
renovation, or asbestos remediation activities, the levels of exposure may be high enough 
at times to pose a mOre substantial health risk. It is essential, therefore, to distinguish 
among the different categories of building occupants in attempting to assess the risks in 
question. 

8.1 Exposure-Response Relationship 

For each of the two major neoplastic diseases in which asbestos has been implicated as a 
causal factor-namely, lung cancer and mesothelioma-the incidence of disease has been 
observed to increase with increasing dose in occupationally exposed human popuiations 
and in experimentally exposed laboratory animals. Data on the biological effects of asbestos 
on cells in vitro, while demonstrating the dose-dependent induction of chromosome 
abnormalities, disturbances in growth factors, and neoplastic transformation under certain 
experimental conditions, do not suffice to define the complete mechanism of carcinogenesis 
or to clarify the relevant dose-incidence relationships. Estimates of average lung cancer and 
mesothelioma risk, derived from different occupational studies, vary widely (see section 
6.2.2, Exposure-Response Relationships for Lung Cancer and Mesothelioma). At the much 
lower levels of exposure in buildings, the uncertainty is even greater, because of the added 
uncertainty of extrapolation from high to low levels of exposure. 

The major epidemiologic studies that have provided relevant data are broadly consistent 
with linear nonthreshold relationships between the relative risk of lung cancer and 
cumulative exposure to asbestos, and between the absolute risk of mesothelioma and 
cumulative exposure to asbestos. While the mortality rate in the low exposure categories 
in some of the studies have not been statistically different from those in comparison 
populations, the observed numbers are not inconsistent with the linear dose-response 
relationship suggested at higher levels of exposure. However, because of the statistical 
uncertainty of the data at low levels of exposure, neither the presence nor the absence of 
a threshold can be demonstrated with certainty. Thus, the shape of the dose-response curve 
at exposures below today's U.S. occupational standards cannot be defined by standard 
epidemiologic methods. 

While a linear dose-incidence model for lung cancer has been found to be consistent with 
the existing human data, differences in slope are observed among various exposed 
populations. These differences (as discussed in section 6.2.2, Exposure-Response 
Relationships for Lung Cancer and Mesothelioma) remain to be fuily explained but may 
result from differences in fiber size distribution or fiber types, errors in the estimates of 
exposure, conversion of one exposure index to another, or statistical uncertainties in the 
vital statistics. 
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8.2 Health Outcome 

Observing and monitoring building occupants and workers for adverse health effects due 
to asbestos exposure presents enormous problems. First, because of the long elinicallatency 
time between inhalation of asbestos fibers and detectable disease, some individuals exposed 
today may not manifest any ill effects for 20 years or longer. Similarly, workers showing 
effecta today may have been exposed to asbestos at a much earlier time during their lives 
when exposure conditions and work practices were different than they are today. 

A second consideration is the specificity of the abnormalities that may be detected. Some 
of the nonmalignant diseases produced by asbestos inhalation, particularly pleural plaques 
and pleural calcification, are quite characteristic of the fibrous agent. However, diffuse 
pleural effusions are not specific, and can be caused by other agents. 

The two major malignancies that are caused by asbestos exposure are lung cancer and 
mesothelioma. Lung cancer is currently the most common fatal malignancy in both men 
and women, with about 160,000 deaths a year in the United States (American Cancer 
Society [ACS] 1991).lt is impossible to recognize those individuals whose lung cancers may 
have resulted from asbestos exposure, as opposed to other causes. As noted below, it is 
almost certain that the overall excess of cases that could be attributed to asbestos exposure 
in buildings will be relatively small and probably undetectable (see also Table 6-3). 

Mesothelioma, on the other hand, has a strong relationship to asbestos exposure, and is 
almost universally fatal. A majority of the cases now occurring each year in the United 
States can be shown to occur in workers occupationaJly exposed to asbestos or in their 
household members. The latency from exposure to manifestation of disease is usually 20 
years or more. There has been a great reduction in such exposures in recent years, and we 
can anticipate that by the year 2030 or so, the cases from occupational exposure prior to 
1970 will have virtually ceased to exist. The prevalence of the disease may then fall to 
about 400 cases a year, a number representing the background prevalence in the United 
States. The risk estimates discussed in section 6.2 (Exposure-Risk Relationships: Human 
Data) imply that the excess deaths that may occur from exposure in buildings will not 
cause a sufficient increase in the mesothelioma rate to be readily detected (Table 6-3). 

8.3 Exposure Measurements 

In order to assess the asbestos-related cancer risk for building occupants, an estimate of the 
distribution (for example, mean and range) of long-term average exposures encountered 
in buildings is necessary. This section summarizes the data described in Chapter 4, most 
of which relate to exposures of general building (Cll occupants, and discusses the strengths 
and weaknesses of the exposure estimates. 

8.3.1 Summary of Air Concentration Data 

Direct transmission electron microscopy (TEM) concentration measurements of asbestos 
fibers longer than 5 ].lIn in 198 ACM-containing buildings not involved in litigation have 
been summarized in Chapter 4 (Table 4-10). Building averages have been computed for 
each of these buildings as described in Chapter 4 and Appendix 1. Summary statistics, by 
study, are given in Figure 8-1 and Table 8-1. The mean concentrations in the various 
studies range from 0.00004 to 0.00243 fI mL The 90th percentiles of building averages in 
the various studies range from ° to O.OOS flmL Table 8-2 and Figure 8-2 present the data 
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from the same studies with the results combined according to building categories: schools, 
residences, and public and commercial buildings. The mean concentrations are 0.00051, 
0.00019, and 0.00020 f/mL in schools, residences, and public and commercial buildings, 
respectively. The 90th percentiles are 0.0016, 0.0005, and 0.0004, respectively. When all data 
are pooled, this data set represents 1,377 samples in 198 different buildings containing 
ACM (108 bUildings from the United States, 26 from Canada, and 64 from the United 
Kingdom). For the pooled data, the mean exposure value is 0.00027 f/mL, with 90th and 
95th percentiles of 0.0007 and 0.0014 f/mL. 

Table 8-1. Distribution of Building Average Airborne Asbestos Concentrations for Nonlitigation Data by 
Study" 

No. of Building 10th 90th 
Study Buildings Typesb Minimum Percentile Median Mean Percentile Maximum 

Burdett and 39 5S,8PC,26 0 0 0.0001 0.00026 0.0009 0.0017 
Jaffrey 1986" R 

Chatfield 1986 7 5S,2PC 0 0 0.0005 0.00243 0.0080 0.0080 

Gazzi and 25 R 0 0 0 0.00030 0.0008 0.0025 
Crookford 1987" 

Hatfield et al. 43 PC a a a 0.00005 0.0003 0.0006 
1988; Chesson 
et al. 1990b; 
Crump and 
Farrar 1989 

Pinchin 1982 19 S 0 a a 0.00042 0.0020 0.0030 

CPSC 1987 45 R a 0 0 0.00010 0 0.0020 

McCrone 1991 19 S 0 a 0.0002 0.00022 0.0005 0.0016 
(unpublished) 
SChools 

McCrone 1991 PC 0.00004 
(unpublished) 
office 

a Fibers greater than 5 JUTl. 

b S = schools. PC = public and commercial buildings. R := residences. 

C Only including buildings with asbestos. 

With respect to the public and commercial buildings, the average value is particularly 
influenced by the General Services Administration (GSA) building study, since 43 of the 
54 buildings are from this study (Hatfield et al. 1988; Crump and Farrar 1989; Chesson et 
al. 1990). Hence, the caveats and uncertainties with respect to this study (section 4.6.3.1; 
Table 4-10; AppendiX 1) should be kept in mind when interpreting the data for public and 
commercial buildings. It should also be noted that the average for this building category 
is strongly influenced by a single observation from the Chatfield (1986) study. One sample 
in an office building in this study was found to have a value of 0.042 f! mL, the highest 
among the samples collected in public and commercial buildings. The author described this 
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Table 8-2. 

Building 
Type 

School 

Residence 

Asbestos in Public and Commercial Buildings 

sample as having been collected in an area where cable was being installed (Chatfield 1991, 
personal communication). If this single sample value were to be excluded from calculation 
of the average for all public and commerdal buildings, the average value would be reduced 
from 0.00020 to 0.00008 f/ mL for fibers longer than 5 ]lID. 

Distribution of Building Average Airborne Asbestos Concentrations for Nonlitigation Data by 
Building Type" 

No. of tOth 90th 
Buildings Minimum Percentile Median Mean Percentile Maximum 

48 0 0 0 0.00051 0.0016 0.0080 

96 0 0 0 0.00019 0.0005 0.0025 

Public and commercial 54 0 0 0 0.00020 0.0004 0.0065 

All buildings 198 0 0 0 0.00027 0.0007 0.0080 

a Fibers greater than 5 jllTl. 

With respect to the data from schools (including a few colleges), the average value (0.00051 
f/mL) is strongly affected by a sample collected in a mechanical room/closet (Chatfield 
1986); if this high value (0.02 f/mL) were to be excluded, the average would be reduced 
to 0.00038 f/mL 

An extensive amount of data on airborne asbestos concentrations exists in the files of 
commerdallaboratories. In response to a public request from the HEI-AR (see Chapter 3), 
several organizations made such data available to the Literature Review Panel. The 
unpublished data from U.S. Consumer Product Safety Commission (CPSC 1987) and 
McCrone Environmental Services are included as part of Tables 8-1 and 8-2, and Figures 
8-1 and 8-2 (these data were not collected in support of litigation, to the best of the Panel's 
knowledge). A few organizations provided data that they acknowledged to be in support 
of litigation; the information from one such large data set-from 231 buildings-iS 
summarized in Chapter 4. 

8.3.2 Issues in the Interpretation of Exposure Data 

8.3.2.1 Representativeness of the Data 

In order to evaluate the validity of the nonlitigation data for the purposes of risk 
estimation, a number of issues must be considered. These include questions related to the 
representativeness of the sampled data with respect to the reference population of all U.S. 
public and commerdal and school buildings. The issues include the types of buildings 
sampled, building selection strategy, sampling location within buildings, types of asbestos· 
containing materials (ACM) present, extent of ACM damage, level of building activity, 
whether an O&M program was established, and the level of maintenance activity observed. 
In addition, there are issues related to analytical methods and sample sensitivity which 
must be considered. 
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As described in Chapter 4, individual studies that have reported ambient airborne asbestos 
levels in buildings were evaluated with regard to their representativeness for purposes of 
average exposure estimation. The results of this evaluation (Table 4-13) indicated that: 

• Friable sprayed surface treatments, such as an ACM type, may be over-represented in 
the available database. 

• Samplers tended to be located in direct proximity to ACM, rather than in building areas 
thought to be most representative of Cl-occupant areas. 

• Few buildings were sampled in which significantly damaged ACM Was present. While 
damaged ACM was present in 37 buildings in the GSA study, of the remaining 
published studies, little or no damage was reported. Old, poorly maintained buildings 
are likely to have been under-represented in the available database. 

• Nearly all measurements have been made under conditions of normai building 
occupation; however, it is not known to what degree normal levels of building 
maintenance or custodial activities are represented. 

• At least partial O&M programs were in place at some of the GSA buildings and all of 
the McCrone school and office buildings. 

• With the exception of a few small studies, the buildings investigated were not randomly 
selected, and it is not known how representative the studied buildings are of the total 
popuiation of U.S. buildings. The available studies have focused on office buildings, 
school and university buildings, and single family or muitiple unit residences; other 
building categories such as shopping centers, theaters, churches, hospitals, factories, etc., 
are very poorly represented in the available data. 

• For the most part, the data represent the results of sampling at one time or over a 
relatively short period of time; thus it is not known how well the available database 
reflects the long-term building exposures. 

When all of these issues were considered together, some members of the Panel concluded 
that, with respect to all U.s. buildings, a net positive bias may exist in the available data, 
while others concluded that a net negative bias may exist. It did not appear that the data 
possess any systematic bias with respect to the buildings sampled. For the purposes of this 
report, it was decided to use the data as they are, with a note of caution that it was not 
possible to ascertain from the available information whether or not the sampled buildings 
and sampling conditions are truiy representative of U.S. public and commercial buildings 
as a whole. 

If no systematic bias is assumed to exist in the sampling studies with respect to the 
buildings sampled, average concentrations measured in individual buildings can be taken 
to represent the long-term averages in those buildings. There is only one study currently 
available, however, in which extensive repeated measurements were made over time in a 
building; this is the unpublished longitudinal study of some 328 samples taken in one 
building subject to an O&M program (McCrone Environmental Services 1991). In that 
study, 95 percent of the sample concentrations Were below the limit of detection and 99 
percent were below 0.001 f/mL The average level over all samples was 0.00004 f/mL The 
ratio of peak to mean levels, taking the 99th percentile as the peak level, was 25:1. 
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8.3.2.2 Direct Versus Indirect Sample Preparation 

The available data on airborne asbestos concentrations in buildings presented in this report 
are based on two analytical TEM measurement techniques: indirect and direct preparation. 
'Most of the indirect TEM data currently available are mass concentration data collected in 
the past. A very limited amount of recent fiber count data using indirect preparation are 
also available. Most of the recent fiber count data have been obtained using direct 
preparation techniques. 

The historic, indirectly prepared mass data have been reviewed thoroughly in a previous 
report (National Research Council [NRC] 1984), and no further indirect mass survey data 
have become available to alter the report's conclusions that, converting mass to fiber 
concentrations, the median exposures in the buildings sampled were 0.00007 f/mL 
outdoors, 0.00054 f/mL inside rooms without asbestos, and 0.0006 f/mL in rOOms with 
asbestos. 

All historical occupational exposure data and epidemiologic risk estimates are based on 
counts (or, in most cases, estimates calculated from particle counts) of the concentration of 
fibers longer than 5 \lm as determined by optical microscopy. In addition, it has been 
shown in experimental animals that fibers longer than 5 pm have the greatest carcinogenic 
potential. These factors dictated the Panel's decision to base its conclusions only on 
measurement of conventional (> 5 \lm) fibers, on the premise that, for the purposes of risk 
assessment, environmental measurements need to be specified in units that can be 
compared with the historical industrial measurements on which the dose-response, and 
hence the risk assessment, are based. At the present time, the direct TEM measurements 
of fibers longer than 5 pm are the most extensive data available to the Panel to assess 
exposure and risk. 

However, the decision to consider only direct TEM counts of fibers longer than 5 pm 
introduces three unavoidable but potentially serious uncertainties in the resulting risk 
estimates: 

1. At a given conventional (> 5 \lm) fiber count, the proportion of long fibers (for example, 
greater than 20 \lm) tends to be lower in buildings than in historical industrial 
environments. Conversely, however, the ratio of short « 5 \lm) fibers to measured (> 
5 \lm) fibers is higher in buildings, and these short fibers are completely ignored in the 
conventional fiber count. 

2. There was considerable discussion in the Panel over the most appropriate protocol for 
TEM sample preparation. A measurement made by the direct preparation method is an 
attempt, insofar as possible, to examine the airborne particuiate matter as it exists in the 
air. A measurement made by an indirect sample preparation method is an attempt to 
optimize the detection limit and to detect all airborne asbestos present in the sample, 
some of which may be contained in larger non thoracic particles or aggregates of fibers. 

Indirect TEM measurements usually give higher fiber counts than direct measurements. 
The reasons for this difference are not well established. If the cause of such a difference 
is related to factors that lead to a failure to count a proportion of airborne fibers on 
directly prepared filters, then indirect measurements would be more appropriate. 
Conversely, if the difference is due mainly to the release of particles from aggregations 
which would not have been counted by historical fiber counting methods (and which 
may not even be respirable), the direct measurement would be preferable as a basis for 
risk assessment. 
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3. Another potential bias in the risk assessment is the difference between TEM and optical 
fiber counts. TEM counts on occupational samples are usually higher because of 
increased visibility of thin fibers, often by a factor of two or more (for fibers longer than 
5 11m) depending on fiber type and degree of manipulation. At the same time, optical 
fiber counts include both asbestos and nonasbestos fibers, while TEM counts are specific 
for asbestos. It is impossible io select any spedfic adjustment factor to account for these 
differences. 

8.3.2.3 Sensitivity of Reported Measurements 

Finally, most of the available direct TEM data were obtained using sampling and analytical 
protocols that had varying sensitivities, with individual samples having sensitivities an 
order of magnitude above the building mean. In computing building averages, individual 
samples have been pooled for each building, achieving an increased sensitivity. As 
compared to a single measurement in a given building, a building average derived from 
multiple samples represents a better estimate of the average exposure for Cl occupants; 
however, information on individual sample maxima is lost in such an averaging process. 
When reviewing the overall average data presented here, one should remember that there 
can be areas in some buildings with concentrations substantially higher than the building 
average, and that some buildings may have average concentrations in order of magnitude 
above the group average. 

8.4 Derivation of Risk Estimates 

On the basis of the available exposure information, and assuming linear nonthreshold risk 
models for lung cancer and mesothelioma, tentative estimates of the risks of such cancers 
to different types of building occupants may be formulated. These data, together with data 
on the exposure of insulation workers and their disease outcomes, can be used to make 
estimates of risks for different scenarios of exposure to asbestos in buildings. Thus, 
according to the linear risk assessment models for mesothelioma and lung cancer 
developed in Chapter 6, the overall cancer risk to an exposed population can be calculated 
by assuming that all individuals are exposed to the mean long-term average exposure of 
the whole group. The estimates of this average, shown in Table 8-3, can therefore be used, 
along with the risk estimates table in Chapter 6 (Table 6-3), to compute overall population 
risks to occupants in the buildings sampled. 

The risk assessment calculations of this sort are "best estimates" in the sense that we have 
no direct evidence that they are too high or too low. However, no meaningful upper 
confidence limits can be assigned to them, due to the many uncertainties in the reliability 
and representativeness of the exposure data, as well as the sdentific uncertainties relating 
to the model itself, which are discussed in Chapter 6. 

Category 1: General occupants of buildings, such as office workers, comprise by far the 
largest population group considered in this report. The risk estimates, shown in Table 8-3, 
indicate that the lifetime cancer risk is about 4 per million for adults who work for 20 years 
in asbestos-containing public and commerdal buildings where the average concentration 
of airborne asbestos is 0.00020 f/mL (> 5 11m fibers). (If the single highest sample value 
were excluded from calculation of the average indoor asbestos concentrations in public and 
commerdal buildings, or if the average of the litigation data were used, the lifetime risk 
would be about halved.) For children who attend asbestos-containing schools from age 5 
to age 18, the lifetime cancer risk is about 6 per million. The relative impact of the public 
health consequences can be judged by comparing this assessment with lifetime risks of lung 
cancer that have been projected to occur as a result of exposure to indoor radon and 
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environmental tobacco smoke, which are in the range of 5.000 to 20.000 per million 
<Pushkin and Nelson 1989) and 2.000 to 5.000 per million (Repace and Lowrey 1990), 
respectively. 

Categaries 2 and 3: Category 2 consists of custodians and janitors who are generally not 
involved directly with disturbing or handling ACM, but may cause brief increased levels 
of airborne material as a result of their housekeeping duties. Category 3 includes 
maintenance workers who may actively damage or disturb ACM during their work, and, 
without appropriate respiratory protection and work practices, may be exposed to relatively 
high levels of asbestos fibers; such exposures would generally be in the form of intermittent 
peaks over a prolonged period of working life. We consider these two categories together 
here because sufficient information is not available on the exposure levels and patterns of 
workers in either category. Also, the job titles suggested by these categories are very broad, 
and are differently interpreted in different places. 

Table 8-3. Estimated Lifetime Cancer Risks for Different Scenarios of Exposure to Airborne 
Asbestos Fibersa 

Conditions 

Lffetime, continuous outdoor exposure 
'0.00001 f/mL from birth (rural) 
• 0.0001 f/mL from birth (high urban) 

Exposure in a school containing ACM, from age 
5 to 18 years (180 days/year, 5 hours/day) 

• 0.0005 f/mL (average)b 
• 0.005 f/mL (high)b 

Exposure in a public building containing ACM 
age 25 to 45 years (240 days/year, 8 hours/day) 

• 0.0002 f/mL (average)b 
- 0.002 f/mL (high}b 

Occupational exposure from age 25 to 45 
·0.1 f/mL (current occupational levels)' 
·10 f/mL (historical industrial exposures) 

Premature Cancer Deaths (Lffetime Risks) 
per Million Exposed Persons 

4 
40 

6 
60 

4 
40 

2,000 
200,000 

a This table represents the combined risk (average for males and femaJes) estimated for lung cancer and 
mesothelioma for building occupants exposed to airborne asbestos fibers under the circumstances specified. 
These estimates should be interpreted with caution because of the reservations concerning the reliability of 
the estimates of average levels and of the risk assessment models summarized in Chapter 8. 

b The "average" levels for the sampled schools and buildings represent the means of building averages for the 
buildings reviewed herein (Figure 8.2; Table 8·2). The -high- levels for schools and public buildings, shown 
as 10 times the average, are approximately equal to the average airborne levejs of asbestos recorded in 
approximately 5 percent of schools and buildings with asbestos-containing materials (ACM) (see Chapters 4 
and 8). If the single highest sample value were excluded from calculation of the average indoor asbestos 
concentration in publiC and commercial buildings, the average value is reduced from 0.00020 to 0.00008 
f/ml, and the lifetime risk is approximately halved. 

, The concentration shown (0.1 f/ml) represents the permissible exposure lim~ (PEL) proposed by the U.S. 
Occupational Safety and Health Administration. Actual worker exposure, expected to be lower. win depend on 
a variety of factors including work practices, and use and efficiency of respiratory proteetive equipment 
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Because of the lack of any reliable average estimates of exposure of such workers, the Panel 
has based its risk assessment on the recently proposed permissible exposure limit of 0.1 
f/mL, shown in Table 4-17 (OSHA 1990). Actual average exposures of C2 and C3 workers 
in real life should be lower than the proposed 0.1 f/mL permissible exposure limit 
provided that the provisions of the proposed regulations, including appropriate work 
practices and respiratory protection equipment, are employed. However, no information 
was available to the Panel to assess how widely the requirements of OSHA will be met. 
Thus, the anticipated real life exposures and the risks to C2 and C3 workers could not be 
calculated. For comparison, Table 8-3 presents the historical risk from exposure to much 
higher levels of asbestos in past industrial occupations. 

Although the risk estimates in Table 8-3 are at best imprecise, it can be concluded that 
while C2 and C3 workers in today's buildings are not at as high a risk as past industrial 
workers, they are at a higher risk for mesothelioma and lung cancer than the general 
bullding occupant (CI). In addition, recent studies indicate that exposure in these groups 
of workers can produce a significant incidence of nonmalignant thoracic scarring (pleura 
and lung) that can interfere with lung function. There is a serious concern that because of 
the lack of oversight and education, these workers are not being protected by the 
regulations that should govern their work environments. These workers should be targeted 
as the most important group with the potential for Significant asbestos exposure. 

Category 4: Control of exposure to asbestos for workers responsible for remediation of 
damaged ACM or asbestos removal is now covered under OSHA regulations; however, 
there is a serious possibility that unless regulations are strictiy enforced, a substantial group 
of individuals (if they work for a prolonged time in this occupation) could be exposed to 
levels of asbestos that not only allow manifestation of some nonmalignant effects, including 
pleural and parenchymal scarring due to asbestos inhalation, but also cause an excess of 
cancer deaths. 

Category 5: At this time, the asbestos exposure level of fire fighters and other emergency 
personnel who enter buildings during or after catastrophic damage is entirely unknown. 
It is, however, doubtful that in the emergent situation, asbestos exposure is important 
compared with other hazards that will exist. Following extensive damage, the removal and 
repair of disrupted ACM should be conducted under appropriately protective working 
conditions. 
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STATEMENT BY DR. WILLIAM NICHOLSON 
CONCERNING SOME OF THE CONCLUSIONS OF THE 

LITERATURE REVIEW P ANEV 

Dr. Arthur C. Upton, Chairman 
Literature Review Panel 
Health Effects Institute/ Asbestos Research 
141 Portland Street 
Cambridge, MA 02139 

Dear Arthur: 

August 6,1991 

I have reviewed the final draft of the HEI/ AR Literature Review Panel report and, 
while there is much that is meritorious in the document, some aspects of the report are 
such that I cannot sign-off on it. My major concerns follow. 

Asbestos concentrations in buildings 

One of the mandates to HEI-AR was to review and synthesize the state of knowledge 
on the concentrations of airborne asbestos fibers found in public and commercial 
buildings. It is unfortunate, but there are very few published studies of asbestos fiber 
concentrations in non-school public and commercial buildings. They are represented by 
studies of: 

1. 43 US federal buildings controlled by the General 
Services Administration (GSA) [1,2] 

2. 2 buildings in Canada [3] 
3. 8 British buildings [4] 
4. 6 Swiss buildings [5]' a study that was not included in the HEI-AR summary data 

because the sample analysis involved an indirect technique. 

Also included in the HEI-AR report are data on a single US building periodically 
sampled as part of an operations and maintenance (O&M) program [6], and data from 
samples collected at the request of defendants in buildings litigation suits. 

Are these studies representative of US buildings? I strongly believe they are not and 
this feature should have received more emphasis in the report. Further, data from such 
a small and unrepresentative sample should not be used as an estimate of the US 

Statement individually prepared by Dr. Nicholson has not been subjected to review or 
editing by other members of the Panel or by HEI-AR staff; the statement appears exactly 
as prepared by Dr. Nicholson. The Panel neither endorses nor takes responsibility for the 
content of the statement. 
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population risk from exposure to asbestos in buildings, as is done in Chapter 8, the 
Executive Summary and Table 1-1. 

If we consider the non-litigation US data, it is dominated by the GSA set, which shows 
a low average fiber concentration. The use of GSA buildings in this EPA sponsored 
study came about because, at the time the study was being planned, the GSA was 
implementing a national asbestos management program and assessing the condition of 
asbestos in buildings under its jurisdiction. This information was available and saved 
Significant time and money in building selection. Additionally, building access was 
assured by GSA cooperation. However, the 0 & M programs that were in place or 
being implemented could have substantially altered the likelihood of exposure 
compared to buildings without such programs, in which maintenance workers still may 
be unaware of the presence of asbestos or of how to carry out their tasks in a way that 
would minimize exposure. Chesson [1] noted that the concentrations of all asbestos 
structures in this study was about 10 times lower than other studies and suggested that 
the asbestos management program of GSA may have contributed to this difference. 

Secondly, there is no information presented in any report of the GSA study that would 
indicate if any activities that could release fibers were taking place during the sampling 
phase of this study. Parenthetically, if I were the manager of a government building 
that is about to have government sponsored asbestos air sampling, I don't think I 
would schedule maintenance or repair work that might release fibers. Samplers were 
placed near damaged asbestos materials, but 75% of such locations were in non-public 
areas such as boiler rooms, electrical closets and fan rooms. Information was not 
presented on the extent to which these areas were occupied at any time during 
sampling. The public areas sampled were largely damage free. Only one sample of all 
taken in 54 public and commercial buildings mentioned an activity (installation of a 
computer cable) that might have disturbed building asbestos (see section on peak 
exposures below). 

Finally, the GSA set consisted only of office buildings. Different exposure circumstance 
can exist for people employed in or using post offices, hospitals, recreation buildings, 
stores, shopping centers, etc. 

Thus, it would appear that the studied buildings are not a representative sample of the 
total building population and that the short-term and localized sampling was not 
representative oflong-term building conditions, including consideration of the full effect 
of custodial and maintenance work. In short, Table 1-1 and 8-3 should not have been 
presented with the impression that these are the asbestos-related risks common to all 
US buildings. They are not. They may apply to buildings in which no disturbance of 
asbestos is taking place, to buildings with intact, well maintained asbestos material or 
to buildings with an effective 0 & M program. They do not apply to buildings which 
have ongoing disturbances of asbestos materials in public areas or to buildings with 
uncontrolled maintenance work. 
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Analytical techniques 

The HEI report focussed on samples analyzed by direct TEM methods. Of concern is 
the dramatic differences seen in the analysis of samples when using an indirect grid 
preparation technique compared to the direct one used in the sample analyses 
presented in Table 4-10. In reanalyses of 30 of the GSA samples by an indirect technique 
fiber concenirations were 9 to 18 times greater [7]. These two techniques are discussed 
in the report, but it is not clear which method best represents the lung fiber exposure 
of an individual. Fibers dispersed into the air come in contact with other particles to 
which they adhere. These are unlikely to be counted as fibers in the direct method of 
analysis, but are in the indirect, which redisperses the material. Since the fiber-particle 
combination may also be redispersed by lung surfactants when inhaled, the indirect 
method may better reflect the lung dose. This agglomeration feature is not a factor in 
the analysis of samples from past occupational exposures, where the time from fiber 
release to collection is short and fibers, rather than particles, are the dominant material 
in workplace air. 

A second issue of concern is the possibility of loss in the direct technique using 
cellulose ester filters. Mention is made of this in the report and it is stated that the 
problem is corrected by a plasma-etch technique. However, the success of the method 
depends on the degree of plasma-etch. Unfortunately, at this time, there are no 
published data on the quality assurance results of US laboratories. 

Peak exposure episodes 

Peak exposure episodes occur in buildings from both occupant and maintenance 
activities. We have no data that accurately describe their coniribution to long term 
exposures of building occupants. The effect of maintenance on general building 
occupants will depend on the work involved, its location and duration, and the control 
measures utilized. The report notes that the removal of a single sample from the 769 
taken in the 54 public and commercial buildings reviewed in Chapter 4 reduces the 
average concentration from 0.00021 f/mL to 0.0008 f/mL, the implication being that the 
lower value is the more representative of building occupant (Cn exposure. On the 
contrary, I would suggest that this indicates that even the higher value is an 
underestimate of Cl exposure. The only maintenance activity noted in any of the public 
and commercial building studies was a computer cable installation. This was mentioned 
by Chatfield as taking place in occupied offices in one building, where a concentration 
of 0.042 f/mL was measured. The 769 samples represent at least the 1067 days of 
building operation. [596 days in GSA buildings (two-day samples), 328 in the McCrone 
building (assuming one-day samples) and at least 143 in the other buildings]. I don't 
believe that maintenance or repair work occurs in a building area at a frequency of only 
once every four years. Thus, I feel that the effect of peak exposures are substantially 
under-represented in the limited data set we have. If removal of a single sample 
reduces the average by 0.00013 f/m! or 60%, inclusion of the samples required to reflect 
actual frequency and varieties of maintenance and repair work would raise the average 
by 0.00013 f/m! for each sample that has a value equal to that of the Chatfield sample. 
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Building maintenance and custodial workers 

I feel the potential effects of inadequate control of asbestos exposures on maintenance 
workers are inadequately addressed in the report. Granted there are limited data on 
these exposures, but that which is available indicates the magnitude of the potential 
problem. Mention is made in text of exposures of several f/mL in particular 
circumstances. Table 4-19 lists results of 61 samples of various maintenance activities. 
Sixty-nine percent of the samples exceed the current OSHA TWA asbestos permissible 
exposure limit of 0.2 f/mL and 20% exceeded 2 f/mL, the standard in effect during 
1976-1986. Even with 0 & M programs in place and using available control technology, 
personal air samples averaged 0.11 f/mL. In buildings with no 0 & M programs in 
place the higher concentrations are likely to occur and average concentrations in excess 
of the 0.1 f/mL assumed in Table 1-1 may occur for workers in such buildings. 

Unfortunately, the effects of asbestos exposure on building maintenance workers are 
described only in an appendix describing pleural plaques (Appendix 2, Table A2-2). In 
the three available studies of school custodian or maintenance employees having no 
other occupational exposure to asbestos, the prevalence X-ray abnormalities 
(parenchymal 1/0 or greater, pleural plaques or pleural thickening) ranged from 11.4% 
in one study of current workers with 10+ years of employment to 36.0% in a group of 
workers 20+ years from first exposure. These X-ray changes were often accompanied 
by decreases in puimonary function, particularly FVe. 

This prevalence of abnormalities among long term maintenance workers is characteristic 
of a significant past asbestos exposure. Based on a comparison with one factory group 
[8], it is likely that the past average group exposure for those with 16% parenchymal 
abnormality exceeded 1 f/ml. This is far in excess of the current (0.2 f/mL) or proposed 
(0.1 f/mL) asbestos standard. However, even these standards may not serve to protect 
current building maintenance workers. Such workers are rarely monitored by OSHA 
personnel. The workers and even the building manager may be unaware of the 
presence of asbestos and its potential risks. An effective 0 & M program would provide 
the appropriate information on risks and how to prevent them. 

Short fibers 

The role of short fibers is given short shrift in the document. It is stated that the rate 
of tumor induction increases sharply as fiber length increases above 5 llm. What is not 
stated is the number of fibers increase sharply as the length decreases below 5 }lID. In 
occupational exposures to chrysotile the percentage shorter than 5 llm can range from 
95 - 99.5%. In a building environment the number shorter than 5 }lID may even exceed 
99.9% as measured by direct TEM techniques. There is no question that longer fibers 
are more carcinogenic than shorter fibers. However, because of their greater number, 
the fibers shorter than 5 llm could be a more important cause of a tumor such as 
mesothelioma than longer fibers. To the extent that this is true, the finding that in some 
building exposure circumstances the percentage of fibers shorter than 5 llm is much 
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greater than in the work environment is not a cause for dismissal of concern, but one 
of greater concern, because there is an increase in the short fiber risk with no 
concomitant increase in the measure of that risk from the number of counted fibers 
greater than 5 )lID. 

Remediation exposures 

It is emphasized at several places in the report that removal of asbestos can lead to 
increased levels of asbestos that can persist for some time. Burdett has shown that dry 
removal and inadequate clean-up can lead to increased levels for weeks. Increases could 
also result from abatement action other than removal. The point is an important one, 
but it emphasizes not that abatement should never be done, but that it be done 
properly. When ongoing disturbance of asbestos is present in a building and fiber 
concentrations are increased, proper abatement will reduce the long term average 
concentrations of both the maintenance workers and building occupants. 

Summary 

Asbestos is a carcinogen for which we have no knowledge of a level below which there 
is no risk. The estimated risks from exposures in some buildings are comparable to risks 
for which regulations have been promulgated in other environmental or occupational 
circumstances. The primary issue of asbestos in buildings is how to prevent, to the 
extent feasible, asbestos exposure to building occupants, building workers and 
employees of outside contractors, including abatement workers. This will not be done 
by ignoring the presence of asbestos in buildings, but by putting in place a proper 0 
& M control program and taking action commensurate with the building circumstances. 
Chapter 5 well describes the approprlate control processes. Removal of well maintained, 
intact asbestos is not necessary for health reasons. However, elimination of continuing 
releases of asbestos fibers in a building and prevention of high episodic exposures 
during malntenance work is. 

Very truly yours, 

Willlam J. Nicholson, Ph. D. 
Professor of Community Medicine 
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STATEMENT BY DR. J. CHRISTOPHER WAGNER 
CONCERNING SOME OF THE CONCLUSIONS OF THE 

LITERATURE REVIEW P ANEV 

August 27th 1991 

While agreeing with most of the conclusions of the Report, I decided to make a 
statement covering four major issues on which I disagree. These are tremolite asbestos, 
lung burden, the possibility of threshold, and Table of Life-Time Cancer Risks. 

Both tremolite asbestos and threshold have been discussed. The section on threshold 
was 6.1.2.3 in the September 1990 version, but there is no mention of it in the final 
draft. 

Chrysotile and Tremolite Asbestos 

1. Pure Chrysotile. I do not accept the fact that pure chrysotile will cause 
mesotheliomas. There is the possible exception of excessive exposure i.e. for more 
than 20 years to very high dosage, which might account for some of the Quebec 
tumours. 

2. I agree with the workers on lung tissue burden who have demonstrated that certain 
tremolite asbestos fibres of the right length and diameter, because of their 
durability, are the cause of mesotheliomas in the majority of cases in Quebec. The 
exception here is the gas-mask workers who were exposed to crocidolite <McDonald 
and McDonald 1978). 

Tremolite asbestos, elsewhere, has been shown to be associated with mesotheliomas 
in Turkey, Greece, and Cyprus, and with pleural plaques in Turkey, Greece, Yugoslavia, 
Czechoslovakia and Montana. 

3. Comparisons of two workplaces (such as Acheson et al. 1978, Berry and Newhouse 
1983, and Newhouse and Sullivan 1989) show the lack of disease caused by 
chrysotile, when compared with crocidolite. This does not confirm the theory (see 
6-40) that it is the initial high level of chrysotile fibres (later cleared) that cause the 
disease, and does confirm the importance of the final lung burden. 

4. Short chrysotile fibres found at the pleura (see page 6-60). There is a tendency for 
all small inorganic dust particles to drift or be carried to the pleura. It is unlikely 
that short chrysotile fibres are carried there preferentially, and the main body of 
opinion is that they are unlikely to contribute to the formation of mesotheliomas. 

1 Statement individually prepared by Dr. Wagner has not been subjected to review or 
editing by other members of the Panel or by HEI-AR staff; the statement appears exactly 
as prepared by Dr. Wagner. The Panel neither endorses nor takes responsibility for the 
content of the statement. 
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Threshold 

1. I consider that there is a background incidence of mesotheliomas of pleura and 
peritoneum which are "spontaneous", or are not related to exposure to mineral 
fibres (Gardiner and Saracci 1989; ngren and Wagner 1991). 

2. It is likely that threshold will be established for various diseases associated with 
asbestos dusts (Gibbs et a1. 1989). A threshold for asbestos-related lung cancer, 
especially in chrysotile-exposed individuals is suggested by several studies. First the 
marked difference in lung cancer rate between the high exposure group and the rest 
of the cohort of Quebec miners and millers (see page 6-24 and Table 6-6). Secondly, 
an increased incidence of lung cancer rate is not observed in Thetford, Quebec 
where airborne concentrations of chrysotile are 200-300-fold higher than in most 
urban environments (Churg 1986). Lastly, some evidence of a threshold of 
cumulative exposure below which the risk of lung cancer does not appear to be 
elevated exists in asbestos workers (with data on duration and intensity of 
exposure) (Browne 1986). 

Tables of Life-time Cancer Risks 

Considering the Tables of Life-time Cancer Risks (1-1 and 8-3). In these the 
maximum risk life-time risks have been calculated. With all of the doubts expressed in 
sections 6 and 8, and including my opinions stated above, and if consideration is given 
to the fact that a large proportion of the dust calculations include chrysotile, and that 
litigation data is to be included, it would seen at this stage the estimated life-time risks 
should not have been stated, as they are probably far too high. Also, the risks from 
passive smoking and radon should be carefully considered in relation to these Tables, 
especially in the Executive Summary. 

Finally it is of interest that the fibre content of the lungs of the cases of peritoneal 
mesotheliomas from the London factory, which was investigated by Newhouse, show 
a higher level of crocidolite fibres than amosite fibres on tissue analysis (see page 6-19), 
reference Wagner, Newhouse et a1. 1988. 

I have therefore not signed off, at present. Signed J.e. Wagner 
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COMMENTS BY DR. ARTHUR C. UPTON, 
CHAIRMAN 

LITERATIJRE REVIEW PANEL, 
IN RESPONSE TO THE STATEMENTS BY 

DRS. WILLIAM J. NICHOLSON AND J. CHRISTOPHER WAGNER 

The statements by Drs. Nicholson and Wagner reiterate limitations in the existing 
exposure and toxicity data, which have restricted the Panel's ability to resolve 
adequately a number of critical issues, as discussed in the Report. The Panel has strived 
to summarize, interpret and integrate the data that are available at this time. Pending 
the availability of more-adequate data, however, uncertainty will continue to cloud 
some of the issues in question. 

A major source of uncertainty, identified in the Report and re-emphasized by Dr. 
Nicholson, is the degree to which the available data on the concentrations of airborne 
fibers in public and commercial buildings are representative of the concentrations in 
U.S. buildings in general. Individual members of the Panel differed somewhat in their 
opinions on this question, but all agreed that the issue cannot be resolved adequately 
without a more comprehensive database, including larger numbers and types of 
buildings, a wider range of building operating conditions, and additional research to 
validate the methodology for assessing the relevant levels of exposure actually 
experienced by building occupants. Further research on analytical techniques as well 
as the effectiveness of various remedlation methods is also important. 

Further research on the exposure and long-term heath status of custodial and 
maintenance workers, whose activities may expose them recurrently to elevated 
airborne asbestos fiber concentrations, also are needed, as Dr. Nicholson has stressed. 
Such limited information as now exists, which is reviewed in the Report and its 
appendices, suggests that the risks for these workers may be increased, but the data are 
insufficient to establish or quantify the level of risk. 

Also calling for further study, as re-emphasized by Dr. Nicholson, is the extent to 
which the inhalation of asbestos fibers shorter than 5 )lm may contribute to the total 
risks to building occupants. This is an important question since, although such fibers 
are much less hazardous individually than longer fibers, they are relatively more 
numerous in the air of buildings. 

Whether the numbers of asbestos fibers in the lung must exceed some critical 
threshold before causing any increase in the risk of cancer, as suggested by Dr. Wagner, 
is another issue about which opinions on the Panel were divided. This issue, as 
emphasized in the report, cannot be resolved on the basis of existing knowledge. 
Further studies to clarify the exposure-risk relationship are among the types of research 
recommended most strongly by the Panel. 

Dr. Wagner is not alone in the view that it was the tremolite, rather than the 
chrysotile, that was responsible for the increased risks of cancer experienced by some 
cohorts of workers exposed to mixtures of both types of asbestos fibers. As indicated 
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in the report, however, this issue cannot be resolved with certainty from the available 
data. 

In summary, the statements by Drs. Nicholson and Wagner are helpful in 
reiterating a few of the many caveats with which the Panel's conclusions have been, 
and must be, qualified. The Panel was pleased to learn that HEI-AR has already taken 
steps to initiate research in several of these areas of uncertainty. In the meantime, it is 
clear, as emphasized both by the Panel and by Dr. Nicholson, that close attention 
should be paid to the activities of workers in buildings who are engaged in custodial, 
maintenance, abatement, and emergency work. As discussed in the Report, strategies 
for preventing the exposure of these and other building occupants constitute a subject 
calling for further study. 

TOPICS DISCUSSED IN STATEMENTS BY 
DRS_ NICHOLSON AND WAGNER: LOCATIONS IN MAIN TEXT 

Building Maintenance and Custodial Workers 

Executive Summary: pages 4, 6, 7, 10, 11 
Chapter 4: sections 4.3, 4.6.3.4, 4.6.4 (see also section 4.5) 
Chapter 5: sections 5.3, 5.4 
Chapter 6: section 6.4.4 
Chapter 8: sections 8.3.2.1, 8.3.2.3, 8.4 

Fiber Types, Differences In Toxicity 

Executive Summary: pages 8, 11 
Chapter 6: sections 6.2.2 (especially 6.2.2.4), 6.3.1.1 

Peak Exposure Episodes 

Executive Summary: pages 4, 6, 7, 10, 11 
Chapter 4: sections 4.3, 4.6.3.4, 4.6.4 (see also section 4.5) 
Chapter 5: sections 5.3, 5.4 
Chapter 6: section 6.4.4 
Chapter 8: sections 8.3.2.1, 8.3.2.3, 8.4 

Remediation 

Executive Summary: pages 6-8, 10, 11 
Chapter 5: particularly section 5.4 
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Representativeness of the Sampled Buildings 

Executive Summary: pages 4-6, 9, 11 

Chapter 4: 
Building concentrations; mass measurements: section 4.6.2 
Building concentrations; numerical measurements: section 4.6.3, Appendix 1 
Evaluation of biases in the data: section 4.6.3.2 
GSA buildings' study: section 4.6.3.1 
Types of ACM in buildings: section 4.1.4 

See also sections 4.8 and 4.9 

Chapter 8: sections 8.3.2.1, 8.3.2.3 

Risk Estimation 

Executive Summary: pages 9-10, 11 
Chapter 6: section 6.2.2.4 
Chapter 8: section 8.4 

Short Fibers 

Executive Summary: pages 3-4, 8, 11 
Chapter 4: sections 4.1.2, 4.2, 4.6.3 
Chapter 6: sections 6.3, 6.4 
Chapter 8: section 8.3.2.2 

TEM Analytical Techniques 

Executive Summary: pages 3-4, 5, 9, 11 
Chapter 4: sections 4.4.2.4, 4.6.3.1 
Chapter 8: section 8.3.2.2 

Threshold 

Executive Summary: pages 8-9, 11 
Chapter 6: sections 6.224, 6.3.1.1 
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A1.1 Introduction 

The published results for measurements in buildings are reviewed in this appendix and 
summarized in Tables 4-10, 4-14, and 4-15 in the main text of this report. The purpose of 
this appendix is to extract building averages based on the individual sample measurements 
and, where appropriate, to obtain averages from multiple sites. This would make the 
results more compatible with the procedures used in the U.S. Environmental Protection 
Agency (EPA) survey of public buildings (Hatfield et al. 1988) and address the limitations 
of data comparison commented on in a recent EPA review (Chesson et al. 1989). 

In the past, the normal scientific practice of using a statistically valid limit of quantification, 
that is, where a recount has a 95 percent confidence of equalling or exceeding the limit of 
detection (or analytical sensitivity, in the case of fiber counting) of one fiber or structure, 
has been used as the approach for interpretation. However, because many of the 
environmental asbestos samples collected are below the analytical sensitivity, it has become 
a common practice to rely on and report concentrations down to the analytical sensitivity. 
Given the nature of the available data, this practice has been followed for the 
measurements below. 

Ideally, the number and type of all asbestos fibers, and the number of nonasbestos fibers 
longer than 5 pm have been reported, along with the volume of air analyzed and the 
calculated concentrations. The volume of air analyzed is usually calculated by summing the 
volume of air sampled and multiplying by the fractional area of the filter examined. Each 
publication has been reviewed and the data reworked, sometimes extenSively, to give 
results down to the analytical sensitivity (one fiber or structure counted). Where detailed 
information was available, the arithmetic mean concentration in a given building was 
computed by dividing the total number of fibers (or structures) detected on filters collected 
in the building by the total volume of air analyzed in all the samples collected in that 
building. This approach yielded building average concentrations that had improved 
analytical sensitivities compared with the individual samples. Where all the data were not 
presented in the publications, the Panel relied on the averages reported by the authors. For 
a group of buildings, the mean was calculated by averaging the building means; any 
building mean reported as below the analytical sensitivity (that is, where no fibers were 
detected) was considered to be zero for the purpose of this calculation. Concentrations of 
asbestos fibers longer than 5 pm are reported in units of fibers per milliliter (f/mL), and 
all sizes of asbestos fibers are reported as structures per liter (s/L) (see also section 4.2, 
Units of Measurement). The data are presented in chronolOgical order of publication, 
although they may span several years of study. 

A 1.2 Review of Reported Data 

A1.2.1 Nineteen Canadian Buildings with Sprayed Friable Asbestos 

These data were first published as Study 8, Asbestos in Buildings, by the Royal 
Commission on Matters of Health and Safety Arising from the Use of Asbestos in Ontario 
(pinchin 1982). The buildings (thought to be schools) all contained friable asbestos, and 
from their hazard ratings most of the buildings had friable (dry applied) asbestos
containing spray insulation On ceilings with varying amounts of damage. 

The results (presented in Table A1-1) in the original publication showed that asbestos fibers 
longer than 5 pm were found at only 5 of the 19 sites. Building average concentrations 
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ranged from not detected (NO) to 0.003 f/mL, with a mean of 0.00042 flmL For structures 
of all sizes, the building averages ranged from ND to 202 slL, with a mean of 22.1 slL 

Table A1·1. Airborne Asbestos Concentrations in Nineteen Ontario Buildings' 

Asbestos Fibers Asbestos Fibers 
Number of of All Lengths > 5.0 fLm 

Building No. Samples (flL) (ffmL) 

4 0.7 0.001 

2 5 6 NDb 

3 4 ND 

4 3 3 ND 

5 5 ND ND 

6 3 15 0.001 

7 5 10 ND 

8 3 4 ND 

9 2 202 ND 

10 4 10 ND 

11 7 9 0.001 

12 3 23 0.003 

13 2 10 ND 

14 4 16 0.002 

15 59 ND 

16 2 3 ND 

17 4 27 ND 

18 10 ND 

19 4 ND 

Total 63 22.1 0.00042 

a Source: Adapted from Pinchin (1982). 
b NO = Not Detected. 

A1.2.2 Ontario Office and School Buildings 

This study, published by Chatfield (1986), gives detailed information on seven buildings 
in normal use, and some data on maintenance activities in buildings. The number of 
asbestos fibers both longer than 5 \lm and of all lengths are given in the report, but there 
is no information on the volume of air sampled. However, an analytical sensitivity is 
reported for each sample, and by taking the reciprocal of the quoted analytical senSitivity, 
the volume of air analyzed Was calculated. The total volume of air for all samples and the 
total number of fibers for all samples were obtained for each building, and the building 
averages calculated are shown in Table Al·2 The average results from a 44-floor office 
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building with sprayed chrysotile asbestos and mineral wool in the return air plenum, 
sampled in 1977 and 1982, were 0'(X)02 f/mL and 5.5 slL. In another high-rise building, the 
average concentrations were 0.0065 flmL and 48.4 slL. The average concentration in the 
two buildings was thus 0.0034 flmL (27.0 s/L). The sample with the highest value 
(0.042 f/mL) was taken in the 55-floor building while cable installation was in progress, 
with office workers working in the vicinity (Chatfield 1991, personal communication). If 
this single sample were to be excluded from the calculations, the average concentration in 
the two buildings would change to 0.0001 f/mL (7.6 s/L). Four outdoor samples taken at 
these two sites yielded no asbestos fibers. 

Table A1-2. Average Building Airborne Asbestos Concentrations in Ontario Office and School Buildings 
Measured by Transmission Electron Microscopy" 

No. of 
Volume of Air Fibers No. of 

No. of Analyzed > 5 Jlm Concentration Structures Concentration 
Sample Site Samples (mL) Long (f/mL) All Sizes (slL) 

Office buildings 

44-Floor 28 9,746 2 0.0002 54 5.5 
office 
building 

55-Floor 5 1,693 11 0.0065 82 46.4 
office 
building 

Total 33 0.0034 27.0 
indoorsb 

Outdoors 4 322 0 < 0.003 0 < 3.1 

Schools 

High school 6 2,514 0.0004 138 54.9 

Middle 3 1,452 2 0.0014 37 25.5 
school 

Secondary 5 1,884 0 < 0.0005 7 3.7 
school 

Total 14 0.0006 28.0 
indoorsb 

Outdoors 625 0 < 0.0016 0 < 1.6 

Colleges 

College 4 1,952 0.0005 55 28.2 

College 3 882 7 0.008 51 57.8 

Total 7 0.0043 43.0 
indoorsb 

Outdoors 294 0 < 0.0034 5 17.0 

• Data from Chatfield (1986). 

b Concentrations represent the direct means of the individual building means. Building means reported as less than 
the analytical sensitivity are counted as zero. 
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Aitborne asbestos concentrations in two college buildings were measured, and the 
combined averages were 0.0043 flmL for fibers longer than 5 pm and 43.0 slL for all 
asbestos structures. One of the samples, desaibed in the original report as having been 
taken in a "mechanical room" but later desaibed by the author as being taken in a janitorial 
closet (Chatfield 1991, personal communication) had a concentration of 0.02 f/mL; 
excluding this one sample would reduce the average for the two college buildings to 0.0011 
f/mL. Sampling in three schools yielded averages of 0.0006 f/mL and 28.0 slL. Relatively 
high levels of fine chrysotile fibers were found in some areas in the schools and colleges, 
for which the author could find no obvious explanation. No fibers of any size were found 
in an outdoor sample taken at a school. In the one outdoor sample taken at a college,S 
fibers were found (for a concentration of 17 s/L), but none of them were longer than 5 pm. 

A 1.2.3 United Kingdom Buildings 

For the Literature Review Panel's report, Burdett reviewed the measurements in United 
Kingdom (U.K.) buiidings studied by Burdett and Jaffrey (1986). The purpose of this review 
was to recalculate the average concentrations of asbestos for each building, based on the 
actual number of fibers counted, rather than the limit of qUantification of a count of four 
fibers. The number of samples and the volume of air analyzed varied from site to site, but 
in general approximately 10 liters of air were analyzed at each site, except for buildings 
with warm-air heaters. The resulting analytical sensitivities were about 0.0001 f/mL for the 
100 grid openings examined at a magnification of 1,000 for fibers longer than 5 pm, and 
1 slL for the 10 grid openings examined at a magnification of 17,000 for all asbestos fibers. 

The four mutually exclusive categories of sites from the published paper are retained: 
residential and nonresidential buildings containing asbestos, buildings with warm-air 
heaters and buildings without asbestos. In addition, one new category has been created 
from among the residential and nonresidential buildings containing asbestos: buildings 
with sprayed or trowel-applied asbestos. Outdoor results by site are also given. Details on 
the 43 individual sites are in the original publication. 

A 1.2.3.1 Twelve NonresidentIal Buildings ContainIng Asbestos 

Fifty fibers longer than 5 pm were found in 101 indoor air samples taken in 12 buildings, 
with a building average concentration of 0.00032 flmL (Table AI-3). Just over half (26) the 
fibers were from site 7, and 15 of these fibers were in a Single sample from a school 
darkroom with a damaged cementitious sprayed ceiling and little ventilation. Ail other sites 
had counts of 0 to 6 fibers, which have limited statistical significance. The average 
concentration for nonschool buildings (that is, excluding sites 7 to 10) was 0.00023 f/mL, 
and for school buildings was 0.0005 f/mL. The types of fibers longer than 5 pm found were 
in agreement with the known asbestos-containing material (ACM) types in the buildings, 
except at site 4, where a single crocidolite fiber was found. There were 33 chrysotile, 11 
amosite and 6 crocidolite fibers longer than 5 pm found; as mentioned above, 26 chrysotile 
fibers were from one site (site 7). 

The average concentrations for all sizes of asbestos fibers was 8.2 slL (5.6 slL excluding 
schools). The higher level in schools alone (13.2 s/L) was again influenced by site 7. Site 
4, a shopping center with delaminated sprayed amosite in the return air plenum, had 
increased levels of chrysotile fibrils and clusters. The 10 remaining sites had counts of 0 to 
7 fibers of all sizes, and again the types of asbestos detected in sampling were consistent 
with the types of ACM present, with the exception of chrysotile which was found at all but 
two of the sites. In total 106 chrysotile, 6 amosite and 7 crocidolite structures were found, 
but 80 of the chrysotile fibers were associated with sites 4 and 7. The average concentration 



Review of Measurements in Buildings A1-5 

of all sizes of asbestos fibers was 25 times higher than the counts of fibers longer than 5 JlIIt 
(that is, about 4 percent of the fibers were longer than 5 pm), which is in close agreement 
with size distribution measurements of chrysotile asbestos in industry (Berman and 
Chatfield 1989; Rood and Scott 1990). 

Table A1-3. Airborne Asbestos Concentrations in the Untted Kingdom: Nonresidential Buildings 
Containing Asbestos' 

Fibers Longer than 5 ~m All Sizes 

No. of 
Asbestos Volume Volume 

(Non· of Air Concen· No. of of Air Concen-
Site No. of asbestos) Analyzed tration No. of Asbestos Analyzed tration 
No. Samples Fibers· (mL) (f/mL) Samples Fibers· (mL) (sIl) 

1 3 lC (3) 7,181 0.0001 3 4C 457 9 

2 4 5K (10) 9,888 0.0005 4 7K 989 7 

3 6 2C (58) 11,730 0.0002 5 7C 1,173 6 

4 12 lK (175) 33,411 0.00003 10 25C 2,463 10.6 
+IA 

5 16 lA (363) 21,707 0.00005 16 2C 4,156 0.5 

6 26 4A (142) 49,272 0.00008 26 0 6,260 < 0.16 

7 9 26C (98) 15,012 0.0017 7 2A+ 1,263 45 
55C 

8 6 o (106) 12,297 < 0.00008 5 3C 596 5 

9 5 2C 12,651 0.0002 5 lC 795 1 
+IA(84) 

10 4 lC (81) 8,074 0.0001 4 2C 807 2 

11 5 o (1559) 9,656 < 0.0001 5 4C 1,212 3 

12 5 lC+5A 7,030 0.0009 5 3C 703 9 
(95) +3A 

Total" 101 0.00032 96 8.2 

• Data from Burdett and Jaffrey (1986). 

b C = chrysotile; A == amosite; K == crocidolite. 

e Concentrations represent the direct means of the individual building means. Building means reported as less than 
the analytical sensitivity are counted as zero. 

Fifteen outdoor samples (Table Al-7) taken simultaneously with the indoor samples yielded 
two amosite and one crocidolite fibers, with an average concentration of 0.00007 f/mL, 
shOwing that levels were Significantly higher inside buildings. Six chrysotile and one 
amosite structures were found for all sizes of fibers with an average of 1.8 slL, 4.5 times 
lower than the average indoor results from all buildings and 7.3 times lower than in 
schools. 
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A 1.2.3.2 Residential Buildings Containing Asbestos 

Two buildings with trowel-applied amosite and chrysotile coatings and one with a 
chrysotile based textured finish were investigated (Table Al-4). The average for all three 
sites (36 samples) was 0.0004 f/mL Both of the sites with trowel-applied asbestos gave 
significant fiber counts. The average concentration of all fibers was 6.4 s/L One outdoor 
sample (taken in a partially covered corridor with trowel applied asbestos) yielded 4 
amosite fibers at site 15, which gave a concentration of 0.001 f/mL (see Table AI-7). There 
were no fibers longer than 5 JIm found in the other outdoor sample, taken at site 14. 

Table A1-4. Airborne Asbestos Concentrations in the United Kingdom: Residential Buildings Containing 
Asbestos' 

Fibers Longer than 5 Jlm All Sizes 

No. of 
Asbestos Volume of Volume of 

(Non· Air No. of Air 
Sile No. of asbestos) Analyzed Concentration No. of Asbestos Analyzed Concentration 
No. Samples Fibersb (mL) (flmL) Samples Fibersb (mL) (slL) 

13 5 0(25) 31,104 <0.00003 5 BC 3,101 2.6 

14 15 4C+7A (260) 26,436 0.0004 3 3A 505 5.9 

15 16 6C +14A 30,075 0.0007 12 14C 2,349 10.6 
(148) +11 (A+K) 

Totaf 36 0.0004 20 6.4 

• Data from Burdett and Jaffrey (1986). 

b C = chrysotile; A = amosite; K = crocidolite. 

C Concentrations represent the direct means of the individual building means. Building means reported as less than 
the analytical sensitivity are counted as zero. 

A1.2.3.3 Buildings with Wann Air Heaters Containing Asbestos 

Data from 24 individual sites are listed in Table Al-S. The averages for all warm-air heater 
sites were 0.00021 flmL and 1.1 s/L The highest concentrations were 0.0011 f/mL and 
7 s/L Outdoor concentrations measured at six of these sites (Table Al-7) averaged 0.0 
f/mL (no fibers detected) and 1.7 slL. No asbestos was detected from nine field blanks. 

A 1.2.3.4 Buildings Without Asbestos 

Four buildings, two of them with warm-air heaters that (according to the manufacturers) 
did not contain asbestos, were investigated (Table AI-6). The group averages were 0.00018 
f/mL (2 chrysotiJe fibers found at one site) and 0.3 s/L (one chrysotile fiber found). 
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Table A1-S. Airborne Asbestos Concentrations in the Un~ed Kingdom (U.K.): Buildings wtth Warm-Air 
Heaters Containing Asbestos· 

Fibers longer than 5 ~m All Sizes 

No. of 
Asbestos Volume of Volume of 

(Non- Air No. of Air 
No. of asbestos) Analyzed Concentration No. of Asbestos Analyzed Concentration 

Site No. Samples Fibersb (ml) (f/ml) Samples Fibersb (mL) (s/l) 

16 3 6C (60) 20,462 0.0003 2 2C 269 7 

17 9 4C (24) 16,070 0.0002 3 0 399 < 2.5 

18 4 0 (26) 26,345 < 0.00004 4 lC 2,636 0.4 

19 5 0 (50) 39,425 < 0.000025 5 4C 3,942 1 

20 4 2A+6C (10) 7,600 0.0011 4 lC 760 1 

21 8 5C (94) 43,544 0.00011 8 12C 4,347 2.8 

22 2 1 C (41) 8,408 0.00012 2 0 841 <1 

23 2 lA (43) 7,584 0.00013 2 lC 758 1 

24 3 0(24) 3,213 < 0.0003 2 0 414 <2 

25 2 lA (19) 40,623 0.00002 2 0 3,982 < 0.3 

26 2 o (8) 2,874 < 0.0003 2 0 288 <0.4 

27 5 2A+1C (22) 6,667 0.0004 5 0 668 < 1.5 

28 3 0(22) 4,263 < 0.0002 3 0 426 <2 

29 2 o (16) 2,794 < 0.0003 2 0 240 <4 

30 2 4A (24) 3,548 0.0011 2 lC 354 3 

31 2 lA (28) 3,930 0.0003 2 lA 392 3 

32 4 lA (102) 7,720 0.0001 4 lA+1C 760 3 

33 3 3A (34) 5,661 0.0005 3 0 567 <2 

34 2 lA (120) 3,804 0.0003 2 0 380 <3 

35 2 0(23) 3,710 < 0.0003 2 0 372 <3 

36 2 0(25) 3,758 < 0.0003 2 2C 378 5 

37 2 0(68) 3,726 < 0.0003 2 0 372 <3 

38 2 0(33) 3,710 < 0.0003 2 0 370 <3 

39 4 2A (135) 5,334 0.0004 4 0 1,118 < 1 

Total" 79 0.00021 71 1.1 

a Data from Burdett and Jaffrey (1966). 

b C = chrysotile; A = amosite; K = crocidolite. 

" Concentrations represent the direct means of the individual building means. Building means reported as less 
than the anaJytical sensitivity are counted as zero. 
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Table Al-6. Airborne Asbestos Concentrations in the Unijed Kingdom: Buildings Wijhout Asbestos' 

Fibers Longer than 5 ~m All Sizes 

No.of 
Asbestos Volume of Volume of 

(Non· Air No. of Air 
Site No. of asbestos) Analyzed Concentration No. of Asbestos Analyzed Concentration 
No. Samples Fibersb (mL) (f/mL) Samples Fibers· (mL) (sIL) 

40 8 0(84) 14.194 < 0.00007 8 0 1.227 < 0.8 

41 4 0 7.760 < 0.0001 4 lC 776 1.3 

42 3 o (18) 4.287 < 0.0002 3 0 429 < 2.3 

43 2 2C (26) 2.842 0.0007 2 0 284 < 3.5 

Totaf 17 0.00018 17 0.3 

• Data from Burdett and Jaffrey (1986). 

b C = chrysotiie; A = amosite: K = crocidolite. 

e Concentrations represent the direct means of the individual building means. BUilding means reported as Jess than 
the analytical sensitivity are counted as zero. 

A1.2.3.5 Buildings with Sprayed or Trowel·Applied Asbestos Coatings 

These buildings represent a subgroup of 11 buildings from among the 15 buildings 
discussed above under sections A1.23.1 and Al.2.3.2. The fiber data for this group of 
buildings are given in Tables Al·3 and Al-4 (building numbers 1, 3,4,5,6,7,9,10,12,14, 
15). The indoor average of 0.00040 f/mL for fibers longer than 5 I'm was approximately 
four times the average outdoor level for the whole study, and the average of 9.1 s/L for 
all structures was five times the outdoor study average. Four of the 11 sites exceeded the 
limit of quantification of four fibers longer than 5 !lID. 

A 1.2.3.6 Nonasbestos Fibers 

N onasbestos fibers dominated the fiber types present. A comparison of the asbestos and 
nonasbestos fiber concentrations (and number of fibers counted) is presented in Table Al·8 
for each of the site categories. Average concentrations of nonasbestos fibers were as high 
as 0.0198 f/mL for nonresidential buildings, with calcium sulphate (gypsum) and calcium 
silicate fibers being the most common fibers present. Ratios of nonasbestos to asbestos 
fibers as high as 62:1 were found inside buildings with asbestos, but this value was 
influenced by one site. The ratio for outdoor samples was 63:1. 

A1.2.3.7 Outdoor and Blank Results 

Table Al·7 summarizes the outdoor results for the four main site categories. The levels 
were reasonably consistent throughout the survey, except at site 15, where the ACM was 
present in the partially covered entrance corridor. Excluding this site as a representative 
outdoor concentration results in a reduction of the study average from 0.00009 to 0.00004 
f/mL. It is interesting that no chrysotile fibers longer than 5 I'm were present in the 
outdoor samples, and that amphibole fibers were usually due to a nearby source (Burdett, 
personal communication 1991). Blank sample results were reviewed; there was no evidence 
that filter or laboratory contamination exceeded the analytical sensitivity. 
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Table A1-7. Airborne Asbestos Concentrations in United Kingdom: Outdoor Measurements" 

Fibers Longer than 5 pm All Sizes 

No. of 
Asbestos Volume of Volume of 

(Non, Air No. of Air 
Site No. of asbestos) Analyzed Concentration No. of Asbestos Analyzed Concentration 
No. Samples Fibersb (mL) (f/mL) Samples Fibersb (mL) (sIL) 

Nonresidential buildings containing asbestos 

2 2 0(0) 1.030 < 0.001 0 206 <4.9 

3 2 lK (12) 5.260 0.0002 2 lC 683 1.5 

4 0(43) 3.262 <0.0003 0 326 < 3.1 

5 3 0(48) 7.873 < 0.0001 3 0 694 <1.4 

6 3 0(45) 13.368 < 0.00007 3 0 1.336 <0.7 

7 0(4) 3.947 < 0.0003 

9 0(26) 4.147 < 0.0002 3C 415 7.2 

10 2A (94) 4.905 0.0004 2C+1A 360 7.9 

11 0(10) 2,453 < 0.0004 0 245 < 4.1 

Totaf 15 0.00007 13 1.8 

Residential buildings containing asbestos 

14 0(7) 2.536 < 0.0004 

15 4A (34) 3.895 0.0010 

Totaf 2 4A (41) 6,431 0.0005 

Buildings with warm air heaters 

16 3 o (101) 20.822 < 0.00005 1C 505 2 

17 2 0(32) 6.315 < 0.0002 2 0 1.136 < 0.9 

22 0(2) 1.308 < 0.0008 0 131 < 7.6 

23 0(28) 2.895 < 0.0004 0 289 < 3.5 

24 0(3) 3,000 < 0.0004 0 300 <3.3 

25 0(16) 1,595 < 0.0007 2C 240 8 

Totaf 9 < 0.00003 7 1.7 

Building with no asbestos 

40 2 0(17) 4.196 < 0.0003 

Study averageC 

28 0.00009 20 1.9 

a Data from Burdett and Jaffrey (1986). 
b C = chrysotile; A = amastte; K = crocidolite. 
C Concentrations represent the direct means of the individual building means. Building means reported as less than 

the analytical sensitivity are counted as zero. 
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Table A1-8. Comparison of Asbestos to Nonasbastos Rbers Longer than 5 11m in U.K. Buildings' 

Nonasbastos Fiber 
Asbestos Fiber Concentration 

Building Category (fImL) (No.) (f/mL) (No.) Ratio 

Nonresidential 0.00032 (50) 0.0198 (2,m) 62:1 

Nonresidential" 0.00032 (50) 0.0070 (1,218) 22:1 

Residential 0.0004 (31) 0.0052 (433) 13:1 

Warm-air heaters 0.00021 (41) 0.0073 (1,051) 35:1 

No asbestos 0.00018 (2) 0.0060 (108) 33:1 

Ambient outdoor 0.00009 (3) 0.0057 (524) 63:1 

a Data from Burdett and Jaffrey (1986). 

b One nonasbestos sample had very high contamination with gypsum and has been removed from the analysis. 

A1.2.4 U.K. Residential Apartments Containing Amosite Insulation Board 

This study, published by Gazzi and Crockford (1987), used similar methods to Burdett and 
Jaffrey (1986) but chose buildings to sample from among a well-defined population of 1400 
residential apartments in the United Kingdom. The apartments had amosite-containing 
insulation board in airing cupboards (heated cupboards in which linen is stored to prevent 
it from becoming damp) and over a service duct inside the apartment. The panels on the 
floor of the airing cupboard formed a return air plenum for the warm-air heating. Single 
samples were collected in 25 occupied apartments. Approximately 4 m' of air were sampled 
in each one, using a 25 mID to 0.8 pm pore size Millipore filter, for either an 8-hour period 
in the day or a 16-hour period at night, at rates of 10 and 5 L/minute, respectively. 

Nineteen apartments were at or below the analytical sensitivity (one fiber counted), and 
the two highest values found were 0.0019 and 0.0025 f/mL. A total of 34.5 fibers longer 
than 5 pm were found, 24 of them amosite and 10 chrysotile fibers. The survey averages, 
calculated by the authors, were 0.00044 f/mL in the daytime and 0.00020 f/mL at night, 
with a combined average of 0.00028 f/mL. No asbestos fibers were found in five control 
apartments, at a level of less than 0.00014 f/mL. The authors found that the measurements 
just failed to reach the commonly accepted level of statistical Significance, but felt that the 
percentage of amosite fibers found was indicative of releases above the background and 
would have been significant had the study population been larger. No measurements of 
all sizes of asbestos structures were made. 

Average asbestos concentrations for fibers longer than 5 pm in each of the 25 apartments 
were not reported by Gazzi and Crockford. However, the authors did report the frequency 
distribution of the number of fibers longer than 5 pm counted in the various apartments. 
From this information, and the fact that 0.436 mm' was examined in a total sampled filter 
area of 385 mm' with a sample volume of 4 m' (yielding a volume examined of 4.5 liters), 
it is possible to estimate the frequency distribution of air concentrations in individual 
buildings. These data (Table A 1-9) have been used to compute summary statistics reported 
elsewhere in this report. Note that the mean concentration, computed as the building-
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weighted mean of the concentrations reported in Table Al-9, is 0.0003 flmL, which is 
slightly higher than the mean (0.00028 f/mL) reported by the authors. 

Table A1-9. Frequency Distribution of Airborne Asbestos Concentrations in 25 U.K. Residential 
Apartments w~h Amos~e-Containing Board' 

No. of No. of Asbestos Fibers 
Apartments (> 5 ~m) 

13 0 

1 0.5 

5 

1 1.5 

2 2 

3.5 

1 8.5 

11.5 

• Data from Gazzj and Crockford (1987). 

A 1.2.5 U.S. Single-Family Homes 

Estimated Asbestos Concentrations 
(> 5 ~m) 

o 
0.0001 

0.0002 

0.0003 

0.0004 

0.0008 

0.0019 

0.0025 

A study of u.s. single family homes with ACM, conducted by the Consumer Products 
Safety Commission (CPSC 1987), has not been published except as an internal 
memorandum, but is nevertheless a valuable data set, and the results have been widely 
discussed. The study did not use a random sampling scheme; sites were chosen on the 
basis of consumer complaints. The survey was carried out at three locations: San Francisco, 
Cleveland, and Philadelphia. Fifteen houses were sampled at each of these locations, 
generally with one sample at each house collected in close proximity to the asbestos, one 
sample collected in the main room where there was the highest level of activity and one 
sample collected outdoors. ApprOximately 3,000 liters of air were collected over three 8-
hOUT, or two 12-hour days with the aim of sampling only during periods of activity. 
Samples were collected on Nuelepore filters for transmission electron microscopy (TEM) 
analysis and Millipore filters for phase contrast microscopic (PCM) analysis. The Nuelepore 
filters were carbon coated at a local facility before shipping to the TIlinois Inhalation 
Technology Research Institute, where presumably Yamate Level II analysis was carried out 
(Yamate et al. 1984). All sizes of asbestos structures and fibers longer than 5 ]lID were 
evaluated. Nine buildings had asbestos throughout the house, so in these cases both indoor 
samples were elassified as being near the source. Much of the asbestos was present in the 
form of thermal insulation on heating systems in the basements. 

The results are summarized in Tables Al-10, Al.l1, and Al-12 for all sizes of asbestos 
fibers; the averages for each city were calculated. Unfortunately, the numbers and types of 
fibers identified and volume of air sampled are not given in the CPSC summary, but 
relatively few structures were counted and the city averages can be calculated with 
reasonable accuracy. The results showed that there were no Significant differences 
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acrording to whether samples were taken inside or outside the houses, type of ACM 
present, or city taken from. For all asbestos structures, the city averages ranged between 
3.72 and 6.2 s/L (both of which are outdoor averages), and building averages between 0 
and 17 s/L The approximate study average (all cities) was 4.9 s/L indoors near sources 
of asbestos, 5.0 s/L in the main area of activity, and 4.9 s/L outdoors. 

Table Al-l0. Airborne Asbestos Concentrations in 15 Single-Family Houses in San Francisco wijh 
Sprayed Cementijious ACM on Ceilings or ACM in Heating Ducts··b 

Near Source Main Activity 
Sije No.' (slL) (sIL) 

0 2.1 

2 2.4 5.9 

3 1.8 3.5 

4 1.8 1.8 

5 4.2 10.9 

6 0 0 

7 4.3 4.8 

8 10.113.8d 

9 3.6/1.8d 

10 6.0 5.9 

11 0/5.6 

12 17.0fl.3" 

13 5.6 3.7 

14 5.6 1.8 

15 13.0 1.9 

Total number 
of samples 19 11 

Mean 4.94 3.84 
concentration 

a All sizes. 

• Data from Consumer Products Safety Commission (CPSC 1987). 

C Site numbers are not the same as those in the original report. 

d Both indoor samples taken near source of asbestos~ 

Outdoor 
(slL) 

4.2 

0 

1.8 

1.9 

2.1 

9.0 

18.0 

9.8 

3.7 

3.8 

0 

11.0 

0 

1.9 

3.4 

15 

4.71 

Blank 
(sIL) 

4 

0 
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Table A1-11. Airbome Asbestos Concentrations in 15 Single-Family Houses in Cleveland wtth 
Preformed Asbestos Insulation or Asbestos Paper on Pipes in the Basemen!"" 

Near Source Main Activity 
Site No." (slL) (sIl) 

4.2 4.0 

2 6.4 4.0 

3 4.3 6.5 

4 6.5 8.3 

5 2.1 6.5 

6 6.6 13.0 

7 3.9 3.8 

8 2.4 0 

9 6.1 4.3 

10 10.0 8.4 

11 5.2 3.6 

12 8.5 4.1 

13 3.9 3.8 

14 7.3 9.0 

15 10.9/0d 

Total number 
of samples 16 14 

Mean 5.5 5.7 
concentration 

a All sizes. 

b Data from Consumer Products Safety Commission (CPSC 1987). 

C Site numbers are not the same as those in the original report. 

d Both indoor samples taken near source of asbestos. 

Outdoor Blank 
(slL) (sIl) 

5.9 

10.5 

5.9 

4.2 

2.1 

3.4 

0 

4.2 

2.1 

12.0 

1.9 

0 

5.9 

17.0 

18.0 

15 3 

6.2 0 

A1-13 

Results for asbestos fibers longer than 5 JlIll are summarized in Table Al-13. Only four 
such fibers were counted in the whole survey, and all were single fibers at different indoor 
sites that resulted in individual sample concentrations ranging from 0.001 to 0.004 f/mL 
This range shows that different volumes of air must have been collected on the samples 
because all were based on a count of one fiber. The average of the buildings in San 
Francisco, Cleveland, and Philadelphia were ND, 0.00023 f/mL, and 0.00007 f/mL, 
respectively. Averaging over all 45 buildings, the mean was 0.0001 f/mL No long fibers 
were detected in the outdoor samples. 
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The values throughout the survey are close to contamination levels for Nuclepore filters 
(EPA 1986), but the nine blanks analyzed in this survey did not yield a single asbestos 
structure, suggesting that the asbestos fibers identified were airborne. 

Table A1-12. Airborne Asbestos Concentrations in 15 Single-Family Houses in Philadephia with 
Asbestos Thermal Insulation in Basement and Other Asbestos-Containing Materialsa.b 

Site No.c Near Source Main Activity 
(sIL) (slL) 

1 0 1.6 

2 6.4 1.9 

3 4.2 4.3 

4 14.0 20.0 

5 4.6 5.2 

6 8.6 6.2 

7 0 0 

8 4.0 

9 3.7 7.8 

10 0 0 

11 7.0 8.1 

12 4.4 0 

13 4.4/0d 

14 2.3 10.9 

15 4.1 2.0 

Total number 
of samples 15 14 

Mean 425 5.14 
concentration 

a AU sizes. 

b Data from Consumer Products Safety Commission (CPSC 1987). 

C Site numbers are not the same as those in the original report. 

d Both indoor samples taken near source of asbestos. 

Outdoor 
(slL) 

0 

4.1 

9.7 

4.0 

3.6 

4.0 

5.6 

5.2 

7.4 

0 

1.8 

2.0 

0 

2.1 

6.3 

15 

3.72 

Blank 
(sIL) 

4 

o 
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Table A1-13. Airborne Asbestos Concentrations in Single-Family Houses, by Citya,b 

Indoors Outdoors 

No. of Fibers Concen- No, of Fibers 
No. of No. of Longer than 5 tration No. of Longer than 

Site Houses Samples ~m (fImL) Samples 5~m 

San Francisco 15 30 0 ND 15 0 

Cleveland 15 30 3 0.00023 15 0 

Philadelphia 15 29 0.00007 15 0 

Average 89 4 0.0001 45 0 

a Fibers longer than 5 ~m. 

b Data from Consumer Products Safety Commission (1987). 

A1.2.6 EPA Study of Public Buildings 

An EPA study of 49 U.s. General Services Administration buildings (often referred to as 
the GSA study) has been reported by a number of authors (Hatfield et a1. 1988; Crump and 
Farrar 1989; Chesson et al. 1990). 

Results for all asbestos fibers were 0.73 s/L for the buildings with damaged ACM, 0.59 s/L 
in buildings with undamaged ACM, and 0.99 s/L in the buildings with no asbestos. There 
is some discussion of whether there is a statistically significant increase inside buildings 
with damaged ACM, but of all the studies this one provides the weakest evidence for any 
increase in airborne levels due to the presence of ACM in a building. 

Data from the GSA study were reanalyzed to derive building averages for structures longer 
than 5 pm. Structure counts and sample volumes were obtained from staff at EPA and 
RJ Lee Group, the laboratory that originally analyzed the filters. A total of seven structures 
longer than 5 pID were observed in the study, on seven separate samples. Five of these 
samples were collected inside buildings with ACM; the two remaining samples were 
collected outdoors. For each of the five buildings in which a structure longer than 5 pm 
was observed, the total volume (summed over all indoor samples in that building) of air 
examined in the TEM analysis was calculated (Table AI-14). Since only one long structure 
was detected in each of the five buildings, the reciprocal of the sampled air volume gives 
the average concentration in the building (Table AI-14). These values were then used to 
compute average concentrations of fibers longer than 5 pm in the various categories of 
buildings in the GSA study, as well as outdoors (Table AI-IS). Note that the numbers 
reported here are different than those reported by Crump and Farrar (1989), who reported 
concentrations for fibers greater than or equal to 5 pm (Crump 1991, personal 
communication). 

Com and associates (1991) recently published a study of 71 school bUl1dings sampled for 
litigation purposes. The sites were selected from a database of 2,000 samples, primarily 
because they had at least 5 indoor and 1 outdoor sample taken. Some additional analysis 
of 130 samples was required to meet this criterion for all but three sites. The average 
sampling volume was 1,900 liters with 90 percent between 1,267 and 2,500 liters. Sampling 
was conducted during normal workday occupation over a two-day period at flow rates of 
2 to 3 L/minute. 
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Table Al-14. Indoor Airborne Asbestos Concentrations of Fibers longer than 5 Ilm in U.S. General 
Services Administration (GSA) Buildings 

Building 
No.a CondITion of ACM 

8 Undamaged 

16 Damaged 

23 Damaged 

30 Damaged 

37 Damaged 

Total Volume 
Examined by TEM 

(ml) 

3,600.8 

2,797.4 

1,780.5 

2,007.3 

2,829.3 

No. of 
Structures 

longer than 
5 Ilm 

1 

Building 
Average 

Concentrations 
(f/ml) 

0.00028 

0.00036 

0.00056 

0.00050 

0.00035 

a Building numbers are those given in Appendix G of Hatfield and associates (1988). 

Table A1-15. Indoor Airbome Asbestos Concentrations of Fibers longer than 5 Ilm in U.S. General 
Services Administration (GSA) Buildings, by Building Category 

No. of Structures Building Average 
No. of Buildings longer than Concentrations 

Building Category (Samples) 5 Ilm (fIml) 

NoACM 6 0 ND" 

Undamaged ACM 6 0.00005 

Damaged ACM 37 4 0.00005 

Outdoors (48) 2 0.00010 

• ND = not detected. 

A 1.2.7 U.S. School Buildings 

Data were analyzed from a total of 473 air samples (328 indoor, 51 personal, and 94 
outdoor samples) taken in the 71 schools. The average concentration of fibers longer than 
5 )lm across all the schools was 0.00024 f/mL Personal samples gave averages of 0.00012 
f/mL and 11 s/L The highest concentrations were found in gymnasiums (16 samples in 
15 schools) with averages of 0.00060 f/mL and 27 s/L, closely followed by classrooms, 
which presumably reflect the level of activity and resuspension of surface dust. The 
maximum building average was 0.0023 f/mL, and the 95th percentile of building averages 
was 0.0014 f/mL The highest single sample was 0.012 flmL This data set included 
samples from Houston schools which were first monitored in the study by Constant and 
colleagues (1983) for mass and were reported to have significant levels of airborne asbestos. 

The authors found a significant difference between the average indoor and outdoor 
concentrations of asbestos and between the personal and outdoor samples. No Significant 
difference was found between area and personal samples, or for several other factors (such 
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as presence, accessibility and condition of ACM in sampled areas, and where sweeping was 
carried out), except for the state in which the scbool was located. 

One important finding of this study is that the measurement of both asbestos mass and 
fibers longer than 5 pm allows a relevant conversion factor to be calculated and applied to 
the mass levels reported in previous studies. For the average of 328 indoor samples a 
concentration of 0.00017 flmL was equivalent to 4.3 nglm' (1 f/mL = 25,294 ng/m'), which 
is similar to the conversion factor of 1 f/mL = 30,000 nglm' used in the National Research 
Council review (NRC 1984). 

The problem still remains as to why there are increased airborne levels in schools. The 
degree of pedestrian traffic causing resuspension of settled dust and abrasion of any ACM 
that may be on the floor appears to be the most likely explanation at present. 

A1.2.8 Minnesota University Buildings and Maryland PubliC Buildings 

The study averages were reported by Crump (1990), but no other documentation was 
available for review. The buildings, however, do form part of the database of resuits 
summarized for this report (see Table 4-12). 

A1.2.9 Twelve Swiss Buildings 

The only study to use indirect preparation methods was that of Guillemin and coworkers 
(1989). Air samples were collected during normal building daytime activity Over periods 
of one to four days. The analytical sensitivity varied from 0.00006 to 0.008 flmL. Results 
for asbestos fibers longer than 5 J.IID ranged from ND to 0.0048 f/mL in nonschool 
buildings, and 0.00012 to 0.00859 f/mL in school buildings. Concentrations of all asbestos 
fibers were 15.6 to 54.3 s/L in nonschool buildings, and 229 and 1,599 slL in 2 school 
buildings; these numbers are higher than those reported in other studies reviewed here, 
probably due to the use of the indirect preparation method. This study was excluded from 
Table 4-10 because of the use of the indirect method of sample preparation. 

A 1.3 Discussion 

One of the main features of the data discussed here is that many of the measurements are 
below the analytical sensitivity; that is, no asbestos structures or fibers are detected in the 
TEM analYSis. This has several important implications for the interpretation of the data. 

When operating at the analytical sensitivity, there is no way of knowing whether the 
presence of an asbestos fiber or structure is due to the collection of an airborne fiber, or 
filter or laboratory contamination. The analysis of field and laboratory blanks parallel to 
the exposed filters provides each study with an idea of the contamination levels, but these 
blank analyses are fewer in number, and therefore restrict interpretation of the data. For 
example, the CPSC (1987) study reported no asbestos structures in the 10 blanks, and found 
that only 20 of the 134 airborne samples were zero, giving some reassurance that the 
structures found were airborne asbestos structures. However, only 4 asbestos fibers longer 
than 5 pm were seen in these 134 airborne samples, which makes it impossible to say 
whether these fibers represent an airborne concentration or contamination. 

Data analysis is also affected by the large number of samples below the limit of detection. 
Ideally, the data should be analyzed for their central tendency and the shape of the 
distribution. This distribution can be expressed as the arithmetic mean, median or 
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geometric mean, with the range, standard deviation, upper quartile and 95th percentile of 
data points identified to show the spread of data. However, the median is often zero, and 
the same can happen for the upper quartile when using individual sample data. In an effort 
to address this problem, the Panel pooled samples to calculate building averages with 
better analytical sensitivity. It is also possible to improve analytical sensitivity by analyzing 
more of the sample deposit, but this is both expensive and time consuming, and often 
multi-point averages are preferable for building surveys if the ACM is present over a large 
area. 

Again, the rationale behind the averaging of groups of buildings is to provide data above 
the limit of detection. In some situations this seems justified, as in the case when a 
homogeneous set of buildings with similar types and/ or uses of ACMs has been identified 
(for example, Gazzi and Crockford 1987). The EPA survey of public buildings, in particular, 
set a trend for grouping buildings by use rather than any other criteria. Although this may 
represent the actual experience of the EPA in not being able to correlate algOrithm or other 
assessment techniques with air measurements, it does remove all possibility that some 
patterns will emerge as the database grows. There is also a concern that by averaging 
results across a large number of dissimilar buildings to achieve an order of magnitude 
reduction in the sensitivity, the buildings which have higher airborne concentrations 
(between 0.0001 and 0.001 f/mL) are not detected and are lost in the averaging process. 
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Nonmalignant Asbestos-Related Pleural Conditions A2·1 

A2.1 Nonmalignant Pleural Conditions Associated with Asbestos 
Exposure 

Benign and malignant conditions of the pleura can result from inhalation of asbestos fibers 
(Craighead and Mossman 1982; Churg 1983; Schwartz 1991). Malignant mesothelioma is 
considered in Chapter 6 of this report. Benign diseases of the pleura may be the only 
manifestation of exposure, and are of importance as they are likely to be the most common 
way in which building occupants, who are occupationally and even nonoccupationally 
exposed and who may be affected by asbestos exposures, are identified. The following 
distinct diseases are recognized as manifestations of asbestos exposure. 

A2.1.1 Pleural Plaques 

Pleural plaques are discrete hyaline fibrous lesions that involve predominantly the 
submesothelial layer of the parietal pleura of the costal margins, hemidiaphragms, and 
paraspinous regions (Meurman 1966). Plaques also occur in the pleura over the 
pericardium, but not usually on the remainder of the mediastinal pleura. Visceral pleural 
plaques may involve the interlobular fissures, but are much less common than parietal 
pleural plaques (Lynch et al. 1988). Pleural calcification invariably occurs within preexisting 
hyaline plaques and is dystrophic in nature (Gibbs 1979). The pathophysiologic mechanism 
of pleural plaque formation is speculative (Hillerdal 1980; Stephens et al. 1987). 

A2.1.2 Diffuse Pleural Thickening 

Diffuse thickening of the pleura (Stephens et al. 1987) can be from three causes. In one 
series (Jones et al. 1988), the following three accounted respectively for 10 to 20 percent, 10 
to 30 percent, and 40 to 60 percent of the cases. 

1. Extensive pleural plaques can become confluent, producing a sheet of pleural 
thickening. 

2. Lung fibrosis can extend to the subvisceral pleural interstitium and produce diffuse 
visceral pleural thickening. This form of pleural thickening is often not visible on 
conventional chest radiographs given the presence of interstitial pulmonary fibrosis, and 
it may only be imaged with computed tomography (eT) <McLoud et al. 1985). 

3. Benign pleural effusion due to an inflammatory pleuritis (see below) can resolve leaving 
an adhesive fibrothorax <McLoud et al. 1985; Hillerdal and Ozesmi 1987). 

In 20 to 40 percent of cases of apparent pleural thickening, pseudo-pleural thickening, 
caused by extrapleural fat, mimics pleural thickening on chest radiographs and produces 
a false impression of diffuse pleural fibrosis. Unless strict criteria are used for defining 
pleural thickening and fibrosis, this normal variant can falsely increase the prevalence of 
described pleural thickening (Sargent et al. 1984). 

A2.1.3 Pleuritis 

An acute exudative pleuritis with effusion occurs in an estimated 5 percent of 
occupationally exposed individuals (Epler et al. 1984). The effusion can be silent or 
associated with symptoms, can be transient or recurrent, and unilateral or bilateral (Epler 
et al. 1984). The latency period, usually less than 20 years, is shorter than for most other 
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asbestos-related lung or pleural disorders (Epler et al. 1984). Such effusions may also result 
in an adhesive fibrothorax, sometimes with the development of areas of rounded atelectasis 
that may resemble peripheral lung tumors (Hillerdal1989). Obliteration of the costophrenic 
angles is a common sequela (McLoud et al. 1985). Diffuse fibrothorax from pleuritis is 
readily distinguished from pleural plaques on CT and high-resolution CT (Aberle et al. 
1988). 

A2.1.4 Rounded Atelectasis 

This term describes atelectasis of the peripheral part of the lung, the consequence of pleural 
adhesions and fibrosis, which in tum cause deformation of the lung including the bronchial 
tree, and may on occasion resemble lung cancer (Hillerdal 1989). 

A2.2 Methods of Detecting Nonmalignant Pleural Disease 

A2.2.1 Autopsy and Thoracotomy 

The most accurate method for detecting pleural plaques is direct observation of the pleural 
surfaces at autopsy or thoracotomy. The prevalence of disease detected by imaging 
modalities should be validated by autopsy studies (Hourihane et a1. 1966; Svener et al. 
1986). 

A2.2.2 Radiographic Imaging Techniques 

Conventional chest radiographs are the most commonly used method for surveillance and 
detection of pleural plaques, pleural thickening, and pleural calcification. The sensitivity 
for detecting pleural plaques is, however, probably only 20 to 50 percent, even with 
modem high-kilovoltage x-ray techniques and the use of multiple projections (Svener et al. 
1986). The specificity is likewise low. The interobserver and intraobserver error for 
detecting pleural disease is high (Bourbeau and Ernst 1988; Staples et al. 1989). 

A2.2.3 Computed Tomography and High-Resolution Computed Tomography 

Computed tomography and high-resolution CT are both conSiderably more sensitive than 
chest radiographs for detecting asbestos-related pleural abnormalities of all types (Fiedman 
et al. 1988; Gamsu et a1. 1989). Although their Specificity has not been investigated, it is 
probably high, and experience indicates that CT has greater specificity for pleural 
abnormalities than chest radiographs. 

A2.3 Epidemiology: Distribution and Determinants in Populations 

A2.3.1 Occupational Exposures 

A2.3.1.1 Prevalence in Different Workforces 

The prevalence rates of pleural and parenchymal diseases detected from radiographs vary 
conSiderably from workforce to workforce (Murphy et al. 1971; Rossiter et al. 1972; Weill 
et al. 1975,1979; Berry et al. 1979; Irwig et al. 1979, 1984; Beckiake et a1. 1980a,b; Finkelstein 
1982; British Occupational Hygiene Society 1983; Sepulveda and Merchant 1983; Viallat et 
al. 1983; Cordier et al. 1984; Baker et al. 1985; Oliver et a1. 1985; Cookson et al. 1986; Lilis 
et al. 1986; Hilt 1987; Marcus et al. 1987; Michaels et al. 1987; Bourbeau et al. 1988, 1990; 
Enarson et al. 1988; Rosenstock et al. 1988; Schwartz et al. 1990a; see Table A2-1). These 
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depend, among other things, on the industry and process, or both; on exposure level, 
duration, and profile (Copes et al. 1985); and probably also on fiber type, size, and chemical 
composition (see footnote to Table A2-1). Table A2-1 presents data from studies of workers 
engaged in mining and milling (Rossiter et a1. 1972; Irwig et al. 1979, 1984; Viallat et al. 
1983; Cordier et al. 1984; Cookson et al. 1986; Enarson et al. 1988) and in the manufacture 
of asbestos products (Weill et al. 1975, 1979; Berry et al. 1979; Becklake et al. 198Oa,b; 
Finkelstein 1982; British Occupational Hygiene Society 1983). Most of these studies were 
conducted in the late 1960s and 1970s, many before workplace controls had been 
implemented. By contrast, reports published in the 1980s have generally been on workers 
in occupations requiring the use or application of asbestos, in which exposure is often 
intermittent and to high levels of asbestos, but for which quantitative measurements are 
not available (Murphy et a1. 1971; Sepulveda and Merchant 1983; Baker et a1. 1985; Oliver 
et al. 1985; Lilis et al. 1986; Hilt 1987; Marcus et a1. 1987; Michaels et al. 1987; Bourbeau et 
a!. 1988, 1990; Rosenstock et al. 1988; Schwartz et al. 199Oa). As a result, in such studies, the 
only exposure index available as an independent variable for the analYSis of exposure
response relationships is either latency (time since first exposure) and/ or duration of 
exposure, which is often self-reported rather than job records. In addition, many of these 
studies are based on data gathered in voluntary surveillance programs, in which 
participation may be under 50 percent or is not known; therefore, their results should be 
interpreted with caution. Nevertheless, there are some interesting trends that deserve 
comment. 

A2.3.1.2 Relationships to Exposure 

In general, the data suggest that fibrotic lesions of the pleura detected by chest radiograph 
tend to develop after a long latent period, usually more than 20 years after first exposure, 
and their prevalence is related to duration of exposure arwig et al. 1979,1984; Baker et al. 
1985; Michaels et al. 1987; Rosenstock et al. 1988; Bourbeau et al. 1988, 1990), and/or to 
latency (Murphy et al. 1971; Marcus et a1. 1987) (probably a measure of residence time of 
fibers in the lung), and possibly to peaks of exposure (Rossiter et al. 1972; Copes et al. 
1985). By contrast, fibrotic lesions of the parenchyma detected from chest radiographs may 
develop after relatively short periods of exposure if exposure levels are high (Gibbs and 
Lachance 1972; Copes et a1. 1985; Becklake 1991b; Ernst and Zejda 1991). Their prevalence 
is related to cumulative exposure, based on job history, and is calculated as the product of 
exposure level and duration of exposure at that level, cumulated over time, for each job or 
exposure held by the worker (Gibbs and Lachance 1972). 

A2.3.1.3 Ratio of Prevalence Rates of Pleural to Parenchymal Disease 

Of interest is the prevalence of radiolOgiC pleural lesions relative to that of parenchymal 
lesions within the same workforce (see ratio in the last column of Table A2·1). For mining 
and milling and for manufacturing, prevalence rates for parenChymal changes tend to be 
either higher than those for pleural changes (ratio greater than 1), or if the rates for pleural 
changes exceed those for parenchymal changes, they are not more than double. By contrast, 
studies of several occupations involving disturbance, use, or removal of asbestos-containing 
materials (ACM) show either more pleural diseases than parenchymal diseases, or close to 
equal frequencies. For instance, in one study of sheet metal workers (Baker et a!. 1985), the 
pleural to parenchymal ratio was as high as 12.8. However, in other studies of sheet metal 
workers, lower ratios of 0.8 and 1.6 were reported (Michaels et a1. 1987; Schwartz et aL 
1990a). In insulation workers (Bourbeau et a1. 1990) and railcar workers (Sepulveda and 
Merchant 1983; Oliver et a1. 1985) pleural to parenchymal disease ratios were higher than 
one. These differences may be from intermittent exposure and also partially explained by 
the increased sensitivity for pleural diseases with the newer radiographic techniques that 



Table A2·1. Prevalence Percent of Radiologic Abnormality in Selected Workforce·Based Studies' 

Iz Prevalence Percent 

Fiber Mined, No. in Age 
Exposure 

SIO' Pleural Change Ratio Pleural 
Study and Location Product, or Job Study (years) Years Level 1/0 or More (Any) Change to SIO 

Mining and milling: 

Enarson et al. 1988 Chrysotile 63 46 14 0.7 to 88 9.5 1.5 0.2 
Canada f/mL 

Viallat et al. 1983 Chrysotile 133 58 16 20 to 282 15.8 6.5 0.4 
Corsica, France f/mL 

Rossiter et al. 1972 Chrysotile 6,127 35 to 65 20.2 13 mppcf' 7.2 12.9 1.8 
Canada 

Cordier et al. 1984 Chrysotile 342 45 20+ 10 f/mL' 2.1 2.7 1.3 
Canada 

Irwig et al. 1979, 1984 Crocidolite 1,692 33 5 5.2 f/mL 7.3 7.6 1.0 
S. Africa 

l> 
Cookson et al. 1986 Crocidolite 280 NAh _ 3' - 30 f/mL' 12.2'" NAh NAh fI) 

CT 

W. Australia CD 
fI) 

Ci 
Manufacturing processes: fI) 

5' 

Berry et al. 1979, BOHS 1983 TeX1i1es 379 54 20.1 6.4 f/mL' 21.2 4.6' 0.2 "0 c 
United Kingdom CT 

5-
Becklake et al. 1980'- TeX1i1es 118 42 12.6 > 2 f/mL' 16.2 14.6 0.9 .. 

" Canada c. 

b' 
Rossiter et al. 1972 TeX1i1es, 398 35 to 65 19.4 4.4 mppcf 7.5 10.3 1.4 3 
Canada cement products 3 

CD 
~ 

Weill 1975 Cement products 589 45 17.4 12.9 mppcf 8.3 10.0 1.2 
n 
[ 

U.S., LA ID c 
6: s· 
'" fI) 



Table A2·1 (Continued). Prevalence Percent of Radiologic Abnormality in Selected Workforce·Based Studies' z 
0 

Prevalence Percent :> 
3 
II) 

Exposure 
SlOb 

16 
Fiber Mined, No. in Age Pleural Change Ratio Pleural :> .. 

Study and Location Product, or Job Study (years) Years Level 1/0 or More (Any) Change to SIO ;a 
» 

Finkelstein 1982 Cement products 201 NAh 18+ 5.8 F/mL' 39' NAh NAh If> 
CT 

Canada ~ 
0 

Use and/or removal of asbestos-contalnlng materlats: In , 
:JJ 

NAh 
to 

Hilt 1987 Maintenance of 153 63 11.6 20.3 12.4 0.6 iii' 
Norway electro-chemical S-

"-
plant ~ 

Michaels et al. 1987 Sheet metal workers 707 40 19.0 NA' 10.9 9.2 1.8 c 
~ 

U.S., NY !. 

&> 
Lilis et al. 1986 Insulators 1,117 All 19.1 NAh 11.5 17.5 1.5 :> 

"-
U.S., NY g. 

NA' 
:> 

Schwartz et al. 1990a Sheet metal workers 1,211 57 32.7 17.0 27.3 1.6 In 

U.S. 

Rosenstock et al. 1988 Plumbers, pipe 681 42 17.1 NAh 19.4 29.4 1.5 
U.S., WA fitters 

Marcus et al. 1987 Auto mechanics 925 35 NAh NAh 0.8 4.4 5.5 
Sweden 

Bourbeau et al. 1988 Insulators 110 35 to 55 17.8 NAh 10.0 58.2 5.8 
Canada 

Sepulveda and Merchant 1983 Rail car repair 266 All 9.2 NAh 1.9 18.4 9.6 
U.S., PA 

Baker et al. 1985 Sheet metal workers 299 47 18.0 NAh 4.0 51.0 12.8 
U.S., MA 

» .. 
.;. 



Table A2-1 (Continued). Prevalence Percent of Radiologic Abnormality In Selecled Workforce·Based Studies' 

Prevalence Percent 

Fiber Mined, No. in Age 
Exposure 

SIO" Pleural Change Ratio Pleural 
Study and Location Product, or Job Study (years) Years Level 1/0 or More (Any) Change to SIO 

Murphy et al. 1971 Pipe covererS 101 42 17.4 5.2 mppcf 30.7 NA" 
U.S., MA 

Oliver et al. 1985 Rail car construction 377 57 29.3 NAh 1.6 22.9 14.3 
U.S., PA 

• Adapted from Becklake (1991a,b), and Ernst and Zelda (1991). Table shows results of selected studies, chosen to Illustrate various occupational exposures. 
Oeteonlnants of prevalence of small Irregular opacities (SIO) Included cumulative exposure (Murphy et al. 1971; Rossiter et al. 1972; Weill et al. 1975, 1979; Beny 
at al. 1979; Irwlg et al. 1979, 1984; British Occupational Hyglena Society (BOHSJ 1983); exposure duration (Michaels et al. 1987); exposure level (Rossiter et al. 
1972; Irwlg et al. 1979, 1984); fiber typa (Weill et al. 1975, 1979); process (Becklake et a1.1980a,b; Enarson et al. 1988); and age (Rossitar at al. 1972). 
Oeteonlnants of pleural abnormality Include duration of exposura (Irwlg et al. 1979, 1984; Baker et al. 1985; Michaels et al. 1987; Bourbeau et al. 1988, 1990; 
Rosenstock et al. 1988); cumulative exposure (Murphy at al. 1971); exposura level (Hilt 1987); latancy (Oliver at al. 1985; Marcus at al. 1987); age (Sepulveda and 
Merchant 1983; Rosenstock at al. 1988); and somatimas smoking (Baker et al. 1985; Rosenstock et al. 1988). 

b SIO ". small irregular opacities. 

, mppcf = millions of particles par cubic foot. 

d Derived from information supplied In the text. 

o Represents the cumulative prevalence In subjects followed between 1947 and 1983. 

I Refers to bilateral pleural thickening. 

9 Cases certified as asbestosis by a compensation board. 

h NA = not available In the report. 

~ 
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have evolved over the last decade, and use more penetrating radiation and multiple 
projections. Greater prevalence ratios of pleural over parenchymal abnormalities are also 
found in subjects with nonoccupational exposure. In these individuals the exposure is 
infrequently measured but probably is lower and more intermittent than occupational 
exposures. 

A2.3.1.4 Potential Role of Intennittent Exposure 

Exposure in occupations using or removing asbestos (Table A2-1; Murphy et aI. 1971; 
Sepulveda and Merchant 1983; Baker et a11985; Oliver et al. 1985; Lilis et a1 1986; Hilt 
1987; Marcus et al. 1987; Michaels et al. 1987; Bourbeau et al. 1988, 1990; Rosenstock et al. 
1988; Schwartz et al. 1990a) is characteristically intermittent and may attain high levels. This 
exposure profile may favor the development of pleural as opposed to parenchymal 
abnormality (Copes et a1. 1985). For the categories of exposure in buildings considered in 
this report (see Chapter 4), exposure in C3 workers (maintenance or skilled workers who 
may disturb ACM in the course of repairs, new installations, and minor renovations) is 
likely to be intermittent and possibly reach high levels. Exposures, however, probably will 
be lower than those encountered in, for instance, maintenance workers in electrical or 
chemical plants (Hilt 1987) or in foundries and other industrial buildings. 

Detectable disease in the pleura is likely to be a more common manifestation of building
related exposures than abnormalities involving the lung parenchyma, hence their pertinence 
for the present report. 

A2.3.1.5 Prevalence In Building Custodians and Maintenance Workers 

The reports from several surveys conducted in maintenance workers (C3) and custodial 
workers (C2) in nonindustrial buildings have become available recently; their results are 
summarized in Table A2-2. Balmes and associates (1991) and Selikoff and Levin (1990) 
studied maintenance and custodial workers employed by school boards; in both studies a 
substantial proportion of men were in trades or performed tasks likely to require direct 
contact with asbestos; and in both studies a substantial proportion of men reported asbestos 
exposure, or had been engaged in occupations likely to have exposure, prior to their 
employment by the school boards. In addition, custodians in both studies undertook 
maintenance duties, and in the New York study, custodians also assisted in asbestos 
abatement work (Selikoff and Levin 1990). In both studies, a Significant proportion of 
custodians, without known asbestos exposure prior to their employment with the school 
board, had radiographiC abnormalities (parenchymal, pleural, or both) consistent with the 
presence of asbestos-related disease: 11.4 percent in the California study (Balmes et a1. 1991) 
and Tl.5 percent in the New York study (Selikoff and Levin 1990). 

A third study (Oliver et aL 1990) reports on 120 New England public school custodians. 
Pleural plaques occurred in 33 percent, and parenchymal opacities in 2.5 percent, giving 
a pleural-to-parenchymal-<lisease ratio of 13.3:1. Of 57 custodians without previous asbestos 
exposure, 26 percent showed pleural plaques. Slightly lower overall rates were reported by 
Anderson and colleagnes (1990) from the State of Wisconsin in a survey of 457 school 
maintenance workers. In that study (notes from an oral presentation were made available 
to the Panel for review), the prevalence of parenchymal (small irregular opacities [SIO] of 
1/0 or greater) or pleural disease was 8.1 percent, ranging from 2.3 percent for those with 
less than 10 years of employment, to 42.3 percent for those employed for 30 years or 
longer. 



Table A2-2. Prevalence Percent of Radiologic Abnormality In Workers whh Maintenance and Custodial Duties in Nonindustrial Buildings 

Study; No. in Study 
Prevalence Percent 

Location; (Percent Exposure SIO' 1/0 Pleural Change Ratio Pleural DetermInants of SIO and 
Population Response) Years or More (Any) change to SIO Pleural Change 

Balmes (1991); U.S., CA; 422b., _ 12.9' 5.9 14.6 2.5 SIO' andlor pleural change 
Maintenance employees in a large (61%) related to latency, age, 
urban school district, includes smoking, and job 
plumbers, sheet metal and construction 
workers, and custodian and 315' 10+ 7.3 5.7 0.8 
maintenance workers 

Selikoff et al. (1990); U.S., NY; 660' 20+ for 73% 15.9 16.2 1.0 SIO andlor pleural changeh 

Custodians, cleaners and firemen (who (86%) of men related to latency, smoking, 
tended boiler equipment) working for not to direc! contact with 
New York City public schools 20+ for 55% 17.4 7.2 0.4 asbestos reported by the 

247' of men worker 

Oliver et al. (1990); U.S., MA; 63 27.7 4.7 33.0 7.0 Pleural plaques increased 
Boston school custodians with more wilh latency and duration of 
than 15 years service 57' 30.9 0.0 26.0 ~ exposure 

• 510 = small Irregular opacities. 

b ACM present In approximately 80 parcent of the buildings. 

, 693 of approximately 900 workers likely to have been exposed at work. of whom 422 reported no exposure prior to working for the school board. 

, Estimated exposure level of 2t7 ~g1m3 based on an EPA su!Yey of 10 schools evaluated because of friable ACM; custodial activity In an urban school with an 
exposed ceiling containing 15 parcent chrysotlle was associated with a mean airborne level of 643 ~g/m3. 

• Median of three readers. 

, Custodians with no previous asbestos exposure and greater than or equal to 10 years employment. 

, Denominator (the total number employed by the Board of Education) not given; study subjects were selected by the Union and the Board. 

h Number of readers not given. 
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A2_3_2 Nonoccupational Exposures 

Several studies have documented the existence of asbestos-related abnormalities in 
individuals not occupationally exposed to asbestos. Several types of nonoccupational 
exposures have been identified: 

1. Household exposures of those living with an asbestos worker (Sider et aL 1987). The 
prevalence of pleural plaques in household contacts of asbestos workers has been 
reported to be as high as 20 percent, with about 25 percent of these having calcified 
plaques. In the past, exposure was attributed to work clothes brought to the home. 

2. Environmental exposures related to commercial exploitation of asbestos. These involve 
people living close to asbestos mines (Pampalon et al. 1982; Case and sebastien 1987; 
Churg and de Paoli 1988) or to plants manufacturing asbestos products. Lung dust 
burden in individuals with this type of environmental exposure has been shown to be 
higher than the lung dust burden without this type of enVironmental exposure (Case 
and sebastien 1987). 

3. Environmental exposures unrelated to commercial exploitation of asbestos. Numbers 
of locations around the world have asbestos within the soil or in soil products, such as 
plaster; this can be released into the atmosphere, resulting in the development of 
asbestos pleural plaques and calcification (Kiviluoto 1960; Burilkov and Babadjov 1970; 
Yazicioglu 1976; Neuburger et al. 1984; Boutin et aL 1986; Constantopolous et al. 1987). 

A2.3.3 General Population Studies 

The prevalence of pleural plaques in the general population is estimated to be about 5 
percent (Hillerdal 1978; Hilt et aL 1986; Rogan et aL 1987). In general, rates are higher in 
men than in women, and in urban than in rural areas. This figure may represent a false
positive rate for the radiographic detection of these lesions or may represent the results of 
other processes, such as infection or trauma However, in most studies exposure to asbestos 
is reported by a substantial proportion of those with pleural plaques, ranging from 80 
percent in a Swedish community-based study (with overall rates of pleural plaques from 
0.5 to 3.0 percent in men over 40 surveyed from six municipalities), to 44 percent in a 
survey of subjects admitted to a Philadelphia hospital (with overall rates for pleural 
plaques of from 16.7 percent in men to 0.5 percent in women) (Albeda et aL 1982). When 
strict criteria are used for the interpretation of radiographs, the prevalence rates are lower 
(Greene et al. 1984). 

A2.4 Effects of Asbestos-Related Pleural Disease on Lung Function 

Pleural diseases associated with asbestos exposure vary, ranging from localized lesions to 
diffuse thickening. Thus, the functional abnormalities associated with asbestos-induced 
pleural disease are also variable. Cases of asbestos pleurisy leading to frank respiratory 
failure have been reported (Miller et al. 1983), but more often involve small decrements in 
function. In most individuals, the presence of pleural plaques without lung disease is not 
associated with symptoms or significant functional abnormalities. 

The functional consequences of asbestos-related pleural disease have been addressed in a 
number of epidemiologic studies, summarized in Table A2-3 <Becklake et aL 1970; 
Fridrikson et al. 1981; Baker et a1. 1985; McLoud et al. 1985; Oliver et a1. 1985; Jarvholm and 



Table A2·3. Relationship of Lung Function to Pleural Abnormalny in Asbestos-Exposed Workers' 

Prevalence Percent 

Pleural 
Exposure SlOb 1/0 Change' Effect on FVC' 

Study and Location Subjects Studied Years or More' (Any) 

Fridrikson et al. 1981 45 men from a population survey 22 None All 
Sweden 

Baker et al. 1985 229 men In a sheet metal union 18 4.0 51.0 
U.S., MA 

Oliver at al. 1985 377 men in rail car construction 29 1.6 22.9 
U.S., PA 

Jilrvholm and Sanden 1986 202 workers in shipyards, NS 20+ None 43.0 
Sweden 

Jilrvholm and Larsson 1988 242 wnh PP, 1,103 without detected in 20+ None 11.5 
Sweden a screening program 

Rosenstock et al. 1988 684 members of a plumber/pipe-fitters 17 19.4 29.4 
U.S., WA union 

Staples et al. 1989 76 of over 400 men screened for 20 None 57.0 
U.S., CA asbestos effects 

Schwartz et al. 1990a 1,211 members of a sheet metal 33 17.0 27.3 
U.S.,IA workers union 

Bourbeau et al. 1990 110 members of an insulators union 18 10.0 58.2 
Canada 

• Adapted from Ernst and ZeJda (199 t). 

b SIO = smalllrre9ular opacities. 

\) In all but two studies, full*slze chest radiographs were 
read Into the International labor Organization (1980) 
classification, and pleural abnormality was usually 
graded for extent. 

d In all studies but one (Staples.t al. 1989) the 
effect was significant (p < 0.05) In the analyses 
carned out by the authors. 

• Abbreviations describing radiologic pleural 
abnormality are: Pleural plaque (PP); pleural 
thlckenln9 (PL-TH), which may be circumscribed 
(clr) or diffuse (dlt). In some studies (Bourbeau .t 

(% pre) Criteria for Pleural Abnormalny' 

_16' PP, used 4 grades' 

-4 PP or PL-TH 

-7 PL-TH (2 mm+) scored for extent 

-7 PP (PA, lat), 40 x 40 cm films 

-2 to -6 See above 

-12 PL-TH (cir or dif) 

No effect HRCT used to exclude 810, and 
to detect PL· TH 

_3h PL-TH (cir) 
-7 PL·TH (dH) 

-12 PL-TH (2 mm) cir/dif/CP angle 

al. 1990; Schwartz et al. 1990a), PL-TH (dll) was only 
diagnosed II the costophrenlc angle was blunted. 

I Refers to total lung capacity: Effects on vital capacity 
not significant. 

, Effect related to grade of pleural abnormality. 

h Calculated from data supplied In the report. 
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Sanden 1986; Marcus et al. 1987; Bourbeau et al. 1988,1990; Rosenstock et al. 1988; Staples 
et al. 1989; Schwartz et al. 199Oa). The methods employed in these studies for assessing 
pleural abnormalities have varied. In most studies, the radiographic classification system 
of the International Labor Organization aLO) was used, and in many, pleural abnormality 
was graded for extent and severity. In most studies, persons with parenchymal 
abnormalities suggestive of asbestosis were excluded or the degree of abnormality (for 
example, the profusion of small opacities) was taken into account In some studies 
(Becklake et al. 1970; Baker et al. 1985; Oliver et al. 1985; Schwartz et al. 1990a), the effects 
of pleura! disease on lung function were assessed after taking into account exposure (using 
years of exposure or years since exposure as an index). 

In spite of the varied methodology, and differences in the prevalences of parenchymal and 
pleural change in the various study populations, in all but one study (Staples et al. 1989, 
in which CT was used to assess presence or parenchymal disease) the presence of asbestos
related pleural abnormalities was associated with reduction in the forced vital capacity 
(PVC), and other measures of lung function. Depending on the population studied, the 
magnitude of the effect of pleural abnormalities on FVC ranged from a few percent to over 
10 percent of the predicted value. More severe grades of pleural plaques were usually 
associated with increased impairment in lung function. In addition, progression of pleural 
disease over time is likely to be associated with concomitant decrease in pulmonary 
function. For any grade of severity of parenchymal disease, the presence of pleural disease 
was associated with more seVere impairment of lung function (Rosenstock et al. 1988). 

Diffuse pleural thickening of the type caused by an adhesive pleurttis is likely to cause lung 
restrtction, as much as any fibrothorax can reduce lung volume. Computed tomography 
studies have shown that this type of pleural fibrosis is frequently associated with selective 
reduction in volume of the lower lobes and frequently with lung scarring. 

The reduction in FVC in persons with pleural plaques has several interpretations. The 
funrnonalloss might directiy reflect restrtction of lung size or a change in the mechanical 
properties of the lung (Schwartz et al. 1990b). Alternatively, the presence of pleural disease 
might be a marker of subtle asbestosis, not delected on conventional chest radiographs 
<Fridrikson el al. 1981; Staples et al. 1989). These explanations need not be considered 
exclusive. Furthermore, in several studies (Oliver et al. 1985; Rosenstock et al. 1988; 
Bourbeau el al. 1990; Schwartz el aI. 1990a), effects of pleural plaques have persisted with 
control for exposure or profusion of parenchymal opacities. The average reduction of FVC 
is small and by itself mighl be of little functional consequence to the individual; 
nevertheless, in several studies (Jiirvholm and Sanden 1986; Bourbeau el al. 1990; Schwartz 
et aI. 1990b), the presence of pleural abnormality was associated with the complaint of 
shortness of breath. In addition, the range of loss of function (as opposed to the mean) 
among individuals attributable to asbestos-related pleural disease has not been well 
characterized, and could be considerable in certain individnals. 

A2.5 Progression 

Pleural thickening may progress, in extent and in thickness, with time. In a study by de 
Klerk and coworkers (1989) Ihe rate of progreSSion was greater for those individuals with 
the shortest latency. The rate of progression also decreased with time up to 15 years. The 
long latency for the development of pleural plaques and the likelihood of calcification 
occurring later in the disease indicate that radiographic techniques may not assess the true 
biological activity of these lesions. 



A2-12 Asbestos in Public and Commercial Buildings 

A2.6 Significance of Pleural Plaques 

Plemal plaques and the less common diffuse pleural fibrosis had in the past been relegated 
to a "marker" of asbestos exposure with no functional or prognostic significance (Sargent 
et al. 1977). It now appears that view does not adequately acknowledge the importance of 
pleural plaques. Patients with pleural plaques have a higher lung burden of amosite, 
crocidolite, and probably chrysotile than the general population. These fibrotic pleural 
lesions are frequently progressive and are associated with a Significant incidence of 
underlying lung fibrosis and reduced lung function. 

In some studies, the presence of pleural plaques is also associated with a higher incidence 
of hmg and larynx cancer, and probably mesothelioma (Edge 1973; Selikoff and Hammond 
1978; Hillerdal and Lindholm 1980). These results are not confirmed by other studies 
(Harber et al. 1987; Edelman 1988). Both pleural plaques and the possible increased cancer 
risk may be related to the dose of asbestos. In populations exposed to low levels of 
asbestos, pleural plaques are likely to be the only detectable abnormality on chest 
radiographs or CT scans that is specific for asbestos exposure, and hence pleural plaques 
will be an important marker for surveillance studies of low-dose exposure. Currently CT 
and high-resolution CT are the most sensitive and specific methods for the detection of 
pleural plaques. 

In summary, there is now persuasive evidence implicating asbestos-related pleural disease 
as an independent cause or indicator of functional impairment and possibly even disability. 
The underlying mechanism remains to be clarified: Neither parenchymal fibrosis visible on 
the chest radiograph <Rosenstock et al. 1988; Bourbeau et a!. 1990), nor alveolitis by gallium 
scan (Bourbeau et al. 1990) appear to be the explanation; while fibrosis detectable only on 
high-resolution CT scans (Staples et al. 1989) might be implicated. On the individual level, 
pleural disease may be the only indication of asbestos exposure, may explain symptoms 
and functional impairment, and may predict future deterioration in lung function. 
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