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As of: May 2010 

 

ERR (exposure-risk relationship) for aluminium silicate fibres 

 

 

Tolerable risk (4:1000):  100000 fibres/m3 

Acceptable risk (4:10000 until 2013):   10000 fibres/m3 

Acceptable risk (4:100000 after 2013; 2018 at the latest):      1000 fibres/m3  

 

 

 

Note: 

 
The Committee on Hazardous Substances (AGS) acknowledged the submitted ERR 
for man-made mineral fibres (MMMFs) at its 44th meeting on May 4 and 5, 2009 and 
asked the UA II subcommittee of the AGS to prepare a TRGS. The ERR was to be 
used as a working basis for establishing the new TRGS 558 “High temperature wool”. 

At its 46th meeting on May 4 and 5, 2010, the AGS adopted the new TRGS 558 
“High temperature wool” and decided to include the above-mentioned substance-
specific concentration levels for aluminium silicate fibres in the list of No. 3 of the 
Announcement on Hazardous Substances 910 (Bekanntmachung zu Gefahrstoffen 
910; BekGS 910) "…". 

 

The exposure-risk relationships for MMMFs described below are the basis for the 
expert documentation of the ERR for aluminium silicate fibres. Table 11 shows the 
fibres that were considered. The information on other [non-aluminium silicate] fibres 
included in this exposure-risk relationship documentation for MMMFs supplements 
the available data and is only intended for comparison. 
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Exposure-risk relationship for man-made mineral fibres 

Preliminary remark 

In the following review, “risk” refers to the likelihood that additional adverse effects 
will occur in a group of exposed persons as compared with non-exposed persons (1). 
This likelihood depends on the specific properties of the substance under 
consideration and varies with the level and duration of exposure. Regular exposure 
for an entire working lifetime is generally assumed. This model quantification of the 
association between exposure to a substance and risk is referred to as the exposure-
risk relationship. Such risk assessments necessarily involve uncertainties and 
conventions that have to be disclosed.  

 

1  General procedure  

No adequate epidemiological data are available that could be used as a basis for the 
direct derivation of exposure-risk relationships for man-made mineral fibres 
(MMMFs). Increases in lung cancer risks, which were statistically significant in some 
cases, were detected in what were in part comprehensive epidemiological studies in 
MMMF production. However, these results are not regarded as evidence of a causal 
relationship with exposure to mineral fibres since the increases in risk were relatively 
low and were not observed consistently. As compared with asbestos, the exposure 
concentrations in the production of MMMFs were also lower in the past; therefore, a 
distinctly lower increase in the risk scores as compared with historical asbestos 
studies is not surprising.  

In the epidemiology of lung cancer at the workplace, the level of a risk that can 
definitely be attributed to a certain cause (“detectable” risk) is distinctly higher than 
the risk resulting from a substance that is acceptable and tolerable according to the 
current consensus of the AGS. A relatively high background incidence of lung cancer 
in men, random variation and possible other impacts may result in a substance-
related intolerable increase in the lung cancer risk even if there is no epidemiological 
evidence of an increased risk. Therefore, a causal relationship between lung cancer 
and exposure to MMMFs cannot be substantiated on the basis of the available 
epidemiological data, nor can it be ruled out. MMMFs and asbestos dusts were 
investigated in a large number of carcinogenicity studies with intraperitoneal injection 
and/or inhalation, mainly in rats.  

No tumours were induced in the test animals after inhalation, except in the cases of 
silicon carbide fibres, biopersistent superfine fibres and aluminium silicate fibres. 
However, the fact that no tumours were observed after inhalation cannot be 
assessed as absence of carcinogenicity since the suitability of the rat inhalation 
model for the study of the carcinogenicity of fibre dusts is questionable (2; 4): 

- After inhalation of human carcinogenic amphibole asbestos, inconsistent 
carcinogenicity findings were obtained even at high fibre concentrations.  

- Comparison of the epidemiological data with the inhalation studies in rats shows 
that the aerosol fibre concentrations for detecting a statistically significantly 
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increased lung tumour incidence in rats have to be about two orders of 
magnitude higher than those inducing a significantly increased tumour risk in 
humans. This also applies if the specific organ doses are compared.  

- Because of their relatively large diameter, only low concentrations of man-made 
mineral fibres can be examined in inhalation studies. Therefore, such an 
inhalation study may be negative even if the carcinogenic potency per fibre is 
higher than that of amphibole asbestos.  

For these reasons, the derivation of limit values by the Dutch Expert Committee on 
Occupational Standards (DECOS) also has to be rejected since it was based on 
chronic rat inhalation studies (30). 

By contrast, evidence of the carcinogenicity of asbestos fibres and sufficiently 
biopersistent MMMFs was provided in the sensitive intraperitoneal test. Studies with 
intraperitoneal injection of fibre dusts are regarded as a suitable test model (2): 

- Various types of asbestos have been demonstrated to cause both 
mesothelioma and lung cancer in humans. After exposure to the non-asbestos 
mineral erionite, high mesothelioma incidences as well as a likely relationship 
with an increased lung cancer risk were observed in humans. The sensitive 
intraperitoneal test model provides evidence of these known carcinogenic 
effects caused by various types of fibres in humans. 

- No species-specific mechanism of action is involved since lung tumours and/or 
mesotheliomas were induced by fibre dusts in mice and hamsters, too. 

- A non-specific development of mesothelioma is not assumed since these 
tumours rarely occur spontaneously and even high doses of biopersistent 
granular dusts did not induce mesothelioma. 

- There is no evidence that fibrosis is an absolute requirement of fibre 
carcinogenicity since the degree of fibrosis and the carcinogenic potency of 
various fibre types do not quantitatively correlate with each other. Thus, the two 
end points are to be regarded as independent of each other. 

- Direct injection of fibre dusts into the peritoneal cavity of rats does not 
correspond to physiological exposure in humans; however, mesotheliomas 
induced in the peritoneum are a relevant target organ for humans even after 
inhalation since increased mesothelioma incidences of both the pleura and the 
peritoneum were found among asbestos workers. 

The results of the intraperitoneal test also allow comparative consideration of the 
potency of asbestos with that of individual mineral fibre types. The risk is calculated 
from this potency comparison for a certain type of MMMF by modifying the asbestos 
risk determined epidemiologically by a factor resulting from the difference in the 
carcinogenic potency of the mineral fibre type as compared with asbestos in the 
intraperitoneal test. As MMMFs do not cleave along the fibre axis, the potency of 
crocidolite asbestos is used for standardisation because it also has a low tendency to 
split lengthwise. Therefore, the quantitative risk assessments derived from 
epidemiological studies for asbestos are the starting point for the current risk 
assessments. The risk specified for MMMFs is thus related to the asbestos risk. 

This approach can be justified by the fibre principle according to which fibre dusts are 
carcinogenic if they are sufficiently long, sufficiently thin and sufficiently biopersistent 
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irrespective of their specific chemical composition (3). These impact parameters were 
identified on the basis of a large number of studies, mainly with intraperitoneal 
injection. Although further factors (e.g. surface properties) are being discussed, their 
impact has not been demonstrated convincingly to date. Since the carcinogenic 
potency of a fibre dust also depends on its specific dimensions, fibre dusts with 
dimensions typical for the workplace should be used for the potency comparison, if 
possible.  

Although the information provided by the epidemiological data is not adequate for 
directly deriving exposure-risk relationships, it might be inconsistent with the 
exposure-risk relationships derived from the asbestos data and animal studies. 
Therefore, to check the exposure-risk relationships obtained as a result of the overall 
calculations for MMMFs for plausibility or compatibility, they are finally compared with 
the exposure data and risk scores in the epidemiology of MMMFs. 

 

2  Comparison of the biopersistence of mineral fibres after intratracheal 
instillation with that after intraperitoneal injection 

Asbestos dusts are known to produce their carcinogenic effects on serous 
membranes and lung tissue. Therefore, in order to be able to extrapolate the results 
obtained after intraperitoneal injection to the lung, it is important that the 
biopersistence of MMMFs is similar in these compartments. Relevant comparative 
studies were described by Collier et al. (1995), Morris et al. (1996) and in the BIA 
Report 2/98.  

Two more or less soluble glass fibre types were used in the studies published by 
Collier et al. (1995) and Morris et al. (1996). In the first study by Collier et al., rats 
were intraperitoneally injected with radioactively labelled glass fibres. The animals 
were examined 10 minutes and 48 hours after injection. Furthermore, the distribution 
of fibre sizes in the lung was compared with that in the peritoneal cavity in a period of 
up to 150 days. The authors interpreted their results in such a way that fibres longer 
than 20 µm were more biopersistent in the peritoneal cavity than in the lung. They 
regarded their results as provisional. 

In the second study by Morris et al., X7753 fibres were investigated over a period of 
360 days. The fibres retained in the lung and diaphragm were measured. Up to a 
period of 100 days, the course in the lung and diaphragm was relatively parallel; 
subsequently, the number of fibres in the diaphragm seemed to increase again. 
Since the persistence of these fibres is relatively low, it is assumed that only few 
fibres were retained after 100 days. The determination of their number involves 
relatively great uncertainties (the publication does not include detailed data). The 
authors also stated that the number of fibres in the diaphragm generally varies 
considerably and the measured fibre count reflects this variability more than fibre 
clearance.  
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In the BIA Report 2/98, five different fibre types were investigated for their retention 
behaviour after intraperitoneal injection and compared with the results of earlier 
studies after intratracheal instillation. These were MMVF21 rock wool fibre, MMVF22 
slag wool fibre, MMVF11 glass fibre, RCF1 ceramic fibre and B-01-09, a readily 
soluble glass fibre. The studies covered a period of 12 months. The retention 
behaviour in the lung and diaphragm was investigated. It is difficult to experimentally 
determine fibre clearance in the entire peritoneal cavity since the recovery rate 
substantially varies because of the size of the peritoneal cavity and the organs it 
contains.  

The obtained half-lives are listed in Table 1. Accordingly, the retention half-lives in 
the lung and diaphragm agree fairly well. 

A similarly good agreement was found for fibres greater than 20 µm in length. 

 

Table 1:  Half-lives of various fibre types in the peritoneal cavity and lung of rats 

 Half-life (days) of WHO fibres  

Means (95% confidence interval) 

Type of fibre Intraperitoneal injection  Intratracheal injection  

MMVF 21 377 (190 - 20349) 326 (266 - 421) 

MMVF 22 93 (72 - 131) 81 (75 - 89) 

MMVF 11 165 (120 - 262) 199 (172 - 235) 

RCF 1 371 (193 - 4743) 343 (291 - 416) 

B-01-09 26 (17 - 55) 32 (26 - 45) 

 

3  Risk assessment for asbestos 

3.1 Asbestos types and mathematical models for the analysis of the 
exposure-risk relationships (ERRs) for lung cancer and 
mesotheliomas 

Asbestos is a collective name for six fibrous minerals or fibrous variants of the 
minerals. The mineral group of amphiboles includes actinolithe, amosite, 
anthophyllite, crocidolite and tremolite. In addition to these amphibole asbestos 
minerals, there is chrysotile, a serpentine asbestos. Epidemiologically, elevated lung 
cancer risks and malignant mesotheliomas are statistically significantly associated 
with exposure to asbestos, and a causal relationship is scientific consensus. 
Malignant mesothelioma is rare in the general population and can thus very clearly 
be related to exposure to asbestos; asbestos-induced mesothelioma may affect both 
pleura and peritoneum. Further fibre minerals (e.g. erionite) occur in nature, but 
these are not referred to as asbestos. Erionite has become known through unusually 
high mesothelioma incidences among inhabitants of a region in Anatolia in which 
erionite occurs naturally and is used in the inhabitants’ building material; a likely 
association with an increased lung cancer risk was also described there. 
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Epidemiological literature on asbestos fibres that are used for technical applications 
is extremely comprehensive and also includes several quantitative risk assessments. 
In 1991, a comprehensive report was published by the Health Effects Institute - 
Asbestos Research (HEI-AR), which provided an overall review of the relevant 
information available up until that time on asbestos-related cancer risks (15). The risk 
estimate used by the U.S. EPA (5) and OSHA (20) as an average or “general” ERR 
for “asbestos” is very similar to the result that HEI-AR (1991) recommended for the 
assessment of asbestos exposure. A risk assessment by a working group of the 
German Federal Committee for Ambient Air Quality Protection (Länderausschuss für 
Immissionsschutz) for the establishment of assessment standards (target levels for 
environmental exposures) is based on calculations by Fischer and Meyer (1993 
(21)). This specifies a figure for the slope of the ERR that is generally applicable for 
“asbestos”. A recent, very comprehensive evaluation is available by Hodgson and 
Darnton (2000 (22)). 

All these analyses used similar exposure-risk models, but were formulated differently 
for the lung cancer risk, on the one hand, and the mesothelioma risk, on the other 
hand. The main reason for this is the very different incidence rate of these two types 
of cancer in the general population. The examined cohorts of workers mainly 
consisted of men, and, as a result of smoking, the lifetime risk for lung cancer or its 
proportion of total mortality has for decades been in the percent range for the general 
male population of the industrial countries. Therefore, it cannot be identified with 
certainty whether an individual lung cancer case in an exposed cohort was induced 
by asbestos or had different causes; statistical probabilities can be specified at most. 
The “relative risk”, i.e. a measure of the relationship between the risk of the exposed 
persons and a reference population that was not specifically exposed, is recorded in 
epidemiological studies of potentially substance-related lung cancer risks at the 
workplace. However, the mesothelioma risk in the general population is so low that 
every case of mesothelioma that occurred in an asbestos-exposed cohort is 
generally attributed to this exposure and absolute risk measures are used for 
quantitative considerations. Particularly authors like Doll and Peto (1985) developed 
mathematical formulae to describe the (absolute) age-specific mesothelioma rates. 

A detailed consideration of the ERR models for lung cancer and mesothelioma helps 
to understand certain differences in the risk assessment approaches and results by 
different authors and is therefore briefly described below. For lung cancer, a linear 
relation to cumulative exposure (in the unit: years multiplied by fibres/mL air = “fibre 
years”) is generally used. For example, the relationship can be formulated in the 
following way: 

rL*i = rL0i (kL C tE + 1) 

The symbols have the following meaning: 

rL*i: Age-specific lung cancer incidence or lung cancer mortality rate of the exposed 
cohort for age group i [per year] 

rL0i: Age-specific lung cancer incidence or lung cancer mortality rate of the reference 
population for age group i [per year] 

C tE: Cumulative exposure [(fibres/mL) years]; “fibre years” 

kL: Regression coefficient [per ((fibres/mL) years)] 

The ratio of the rL*i/rL0i rates is considered irrespective of age. The relationship for 
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the “relative risk” (RR) can also be formulated in the following way: 

RR = 1 + kL C tE 

or (using a formula that is mathematically/physically not quite accurate, but clearer): 

RR = 1 + kL fibre years 

In epidemiology, the standardised mortality ratio (SMR) is often determined as a 
measure of the relative risk. It is calculated as the ratio between cases observed (O) 
and the number of cases expected (E). Therefore, it is also possible to say: 

SMR = O/E = 1 + kL fibre years 

Accordingly, the following formula may be used for kL: 

kL = (SMR - 1) / fibre years = (O/E - E/E) / fibre years = (O - E) / (E fibre years) 

All these formulae may look different, but the information they provide is ultimately 
the same. The coefficient that is referred to as kL here indicates the excess relative 
risk per fibre year. It may be expressed as a decimal fraction or in per cent. The 
figure recommended as a general guidance according to the overall review by HEI-
AR (1991) is 0.01; expressed in per cent, this means 0.01 = 1%. Different letter 
symbols may have been used for the coefficient in various reviews; for example, k is 
capitalized (KL) in HEI-AR (1991). The values that Hodgson and Darnton (2000) 
specified by the RL symbol have the same meaning. 
The mathematical form of the models for mesothelioma is different. Based on the 
review by Doll and Peto, the following relationship is referred to in HEI-AR (1991): 

rM*(t) = KM C [(t - t1 - 10 years)3 - (t - t2 - 10 years)3] 

The symbols have the following meaning: 

rM*(t): Mesothelioma rate of the exposed cohort in relation to age [per year] 

t: Age [years] 

t1: Age at the beginning of asbestos exposure [years] 

t2: Age at the end of asbestos exposure [years] 

C: Average exposure level [fibres/mL] 

KM: Regression coefficient [per ((fibres/mL) years3)] 

Here, the KM coefficient is the decisive measure of the carcinogenic potency. This 
formula was developed from similar, earlier versions of the model. The formulae 
simulate a certain relationship between the mesothelioma risk and the pattern of the 
duration of exposure. However, it should be noted that although the mathematical 
models originated on the basis of mechanistic considerations about carcinogenesis in 
general and to explain the observed incidences, they are primarily formal 
approaches, as in the case of lung cancer. The formulae express a marked increase 
in the mesothelioma rate with age, which does not seem to be included in the formula 
for the lung cancer risk. However, since the lung cancer risk rates (rL0i; see above) 
also considerably increase with age and the relative rates are simulated by the kL 
formula, such an increase is included there as well. 

For example, the lung cancer model is described in HEI-AR (1991) as follows: “The 
model implies that the excess SMR or relative risk of lung cancer is ... proportional to 
average level of exposure for a given duration of exposure. ... The last and crucial 
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prediction that risk is proportional to average level of exposure cannot be adequately 
tested, as historical exposure levels can never be estimated accurately ... and few 
cohorts have been simultaneously analyzed by both duration of exposure and 
average level of exposure.” The following statement is made about the 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 ... 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 basis for risk 
assessment, the model has been formally fitted in only one cohort in which individual 
exposure data were available.” 

Thus, the diverse mathematical forms of the exposure-risk models for asbestos-
related lung cancer and mesotheliomas cannot be interpreted as evidence of the 
fundamentally different mechanism of action of these two types of cancer or as 
providing reliable information about these mechanisms of action. It should be pointed 
out that all these models (lung cancer and mesotheliomas) include a linear dose-
response relationship. According to the models, the cancer risk is proportional to the 
average exposure level at a given duration of exposure: kL C or kM C. 

 

3.2 Potency measures for various types of asbestos according to the 
U.S. EPA, Hodgson and Darnton (2000) and others 

Tables 2 and 3 show a number of values that have been derived for the kL and KM 
coefficients (see above) to date. These values were taken from the very 
comprehensive and well regarded reviews by HEI-AR (1991) and Hodgson and 
Darnton (2000). Table 2 includes all of the KL values that HEI-AR (1991) assigned to 
the U.S. EPA in Table 6-1 as well as the KM values of Table 6-2. The data published 
in the Integrated Risk Information System (IRIS) of the U.S. EPA have also been 
considered; although these were essentially published online in 1988 for the first 
time, they were also available on the Internet in 2008 and included the Unit Risk 
Value (at the end of the file there is a note under the heading Revision History that 
refers to Feb. 22, 2001: “02/22/2001 I., II. This chemical is being reassessed under 
the IRIS Program”; U.S. EPA, 2008). Table 3 includes all of the RL and KM values of 
Table 12 as summarised by Hodgson and Darnton (2000). The RL symbol is 
consistently used in Tables 2 and 3 to demonstrate the equivalence of the values 
characterised by kL above, by KL in HEI-AR (1991) and by RL in Hodgson and 
Darnton (2000).  

In addition to KM for the mesothelioma risk, Hodgson and Darnton (2000) used 
another measure referred to as RM. Unlike KL and RL, KM and RM are not equivalent. 
RM specifies the relation between the number of mesothelioma deaths and the 
expected total number of deaths (adjusted to an age of first exposure of 30) and the 
average cumulative exposure (p. 566). Since the U.S. EPA (2008) did not use this 
potency measure, it cannot be directly compared. Hodgson and Darnton (2000) in no 
way rejected the KM measure as applied by HEI-AR (1991), but used RM only as a 
type of replacement value that may be calculated if no suitable data are available for 
deriving KM (by means of a regression analysis). They write (p. 598): “One solution is 
to fit a statistical model. The following formulation was used in the HEI report, and is 
fairly typical: 
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r = KM L [{t - 10}3 - {t-10-D}3] where L is exposure level expressed in f/ml, D is 
exposure duration in yr and the contents of the curly brackets {} are set to zero if < 0. 
However not all cohorts have the data needed to fit the HEI (or similar) models. A 
pragmatic way of making an adjustment is to express observed mesothelioma 
numbers as a percentage of expected mortality from all causes, since this too is a 
measure which increases steeply with follow up time.” 

The measures for the lung cancer risk are considered first. To facilitate a comparison 
of the levels, the RL values are listed in terms of size in Tables A2 and A3 (unlike in 
the references). It can be seen that the ranges of the levels are almost identical 
according to HEI-AR (1991) and Hodgson and Darnton (2000): 0.01 to 6.7% and 
0.03 to 10%. The ERR recommended by HEI-AR (1991) for general use was based 
on the level of 1% per fibre year. Therefore, the relevant value is printed in bold type 
in Tables 2 and 3. Both the EPA and Hodgson and Darnton (2000) determined a 
large number of higher levels. Except for the highest and smallest levels in Table 3 
(0.011; 34), the ranges for KM specified by HEI-AR (1991) and Hodgson and Darnton 
(2000) are also almost identical (1.0 to 12 and 0.9 to 13.8). 

However, the values are interpreted differently. Hodgson and Darnton (2000) 
interpret the data and results of their calculations in such a way that they indicate 
mineral-specific differences in the carcinogenic potency that actually exist and are 
typical of the specific type of asbestos. The potency attributed to amosite is lower 
than that assigned to crocidolite and the potency attributed to chrysotile is lower than 
that assigned to amphibole fibres; a differentiation is also made between lung cancer 
and mesothelioma. Hodgson and Darnton (2000) wrote in the abstract of their review: 
“It is concluded that the exposure specific risk of mesothelioma from these principal 
commercial asbestos types is broadly in the ratio 1:100:500 for chrysotile, amosite 
and crocidolite, respectively. For lung cancer the conclusions are less clear cut. ... 
The risk differential between chrysotile and the two amphibole fibres for lung cancer 
is thus between 1:10 and 1:50.”  

These interpretations are problematic. Although there are no essential new data, it is 
assumed that the particularly low risk coefficients for lung cancer in the Canadian 
mines and mills are valid and characteristic of “pure” chrysotile, that the high risk 
coefficients described by Dement et al. (1994) in the chrysotile textile industry are 
something like outliers (“looks untypically high”) and that moreover higher risk 
coefficients after exposure to primarily chrysotile were substantially due to amphibole 
impurities or co-exposure. This interpretation does not consider that the fibre 
concentrations were not derived from microscopical fibre measurements and counts 
that can clearly be assigned and were repeatedly carried out with uniform definitions, 
but often resulted from quite unreliable “exposure determinations” or estimates that 
were based on particle counting using the mppcf conversion (million particles per 
cubic foot). With regard to comparable figures of “critical” fibres defined with a length 
> 5 µm, it is particularly difficult to specify exposure data for chrysotile mining and 
milling since chrysotile fibres often occur in bundles, are helical or have an otherwise 
irregular shape. Landrigan (1998) pointed out that exposure overestimation is likely 
there because relatively large agglomerates formed due to the curly shape of the 
chrysotile particles, which were unjustifiably counted as “fibres”, or because non-
asbestos particles were counted as well.  

When considering Table 4, Landrigan’s assessment (1998, (24)) is substantiated by 
the data of Hodgson and Darnton (2000) since a low risk-exposure relationship 
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essentially results from the assignment of a particularly high fibre exposure to the 
Quebec chrysotile mines. By contrast, a particularly low exposure estimate is to 
some extent responsible for the high risk-exposure relationship determined for the 
Wittenoom crocidolite mines. According to the figures given in Hodgson and Darnton 
(2000), more than 20% of exposed persons died from lung cancer or mesothelioma 
there as a result of an average cumulative exposure of only 23 fibre years (this 
corresponds to an average concentration of 1 F/mL during 23 years). Table 4 also 
shows that the consequences were similar or even more dramatic in different 
situations of asbestos exposure, but does not specify deaths from asbestosis. The 
percentage of lung cancer and mesothelioma accounts for one third of all deaths in 
two studies with “mixed exposure” to amphiboles and chrysotile; the SMR for all 
causes shows that total mortality was markedly increased at the same time (for 
comparison: the lung cancer proportion of deaths from all causes was 
75535/1075078 = 7.0% in the general male population of the United States in 1980; 
WHO, 2003 (25)). 

For this reason, it is understandable why the U.S. EPA at that time was far less strict 
in assigning the variation of the RL and KM levels to supposedly known, specific 
causes. The conclusions drawn from the levels specified by Hodgson and Darnton 
(2000) would also be considerably different if the low risk coefficients from the 
chrysotile mines and mills were assessed as “untypical” and the levels of the risk 
coefficients according to Dement et al. (1994) and from the other chrysotile 
exposures were predominantly assigned to chrysotile itself. These interpretations 
play a major role in the assessment of chrysotile (white asbestos), which is very often 
used in commercial applications. However, it should be pointed out that they are of 
limited relevance for the potency comparison carried out between asbestos and 
MMMFs here because the comparison is based on intraperitoneal test data for 
MMMFs and amphibole asbestos minerals (in particular crocidolite) rather than on 
chrysotile data. The importance of using a specific risk assessment from the 
epidemiology of crocidolite for this potency comparison is explained in detail below. 

Lifetime risks cannot be read directly from Tables 2 and 3. Instead, the listed 
coefficients can be used to calculate the excess lifetime risk; several variants of 
calculation may be applied (see also Guide, Annex 2 to the Announcement on 
Hazardous Substances 910 (Bekanntmachung zu Gefahrstoffen 910). This does not 
have to be dealt with in detail here since the report by HEI-AR (1991) includes Table 
6-3, which lists calculated results for various patterns of the duration of exposure – 
apparently according to the life table method. Calculating the absolute lung cancer 
risk according to the life table method requires both coefficients of the relative risk 
and information about age-specific mortality rates of a reference population for lung 
cancer and “all causes”. HEI-AR (1991) used the age-specific lung cancer mortality 
rates of the U.S. population of 1986. The value of 1% per fibre year was used for KL 
(= RL) and 1.0 x 10-8 for KM (see Table 2). 
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Table 2: Coefficients for asbestos ERRs according to EPA calculations, cited 
according to HEI-AR (1991) and the U.S. EPA (2008). Amosite data are 
italicised; levels corresponding to the recommendations given in HEI-AR 
(1991) are in bold type. 

Work area; 
occupational group 

Type of asbestos Measure of 
potencya 

Reference 

Lung cancer RL (%)  
Cement products Mixed 6.7 Finkelstein 83 
Insulation products Amosite 4.3 Seidman 84 
Textile Predom. chrysotile 2.8 Dement et al. 83b 
Textile Predom. chrysotile 2.5 McDonald et al. 83a 
Textile Predom. chrysotile 1.1 Peto et al. 85 
Textile Predom. chrysotile 1.4 McDonald et al. 83b 
Insulation workers Mixed 0.75 Selikoff et al. 79 
Mixed products Mixed 0.49 Henderson and Enterline 79 
Cement products Mixed 0.53 Weill et al. 79 
Mining and milling Predom. chrysotile 0.17 Nicholson et al. 79 
Mining and milling Predom. chrysotile 0.075 Rubino et al. 79 
Mining and milling Predom. chrysotile 0.06 McDonald et al. 80 
Friction Predom. chrysotile 0.058 Berry and Newhouse 83 
Friction Predom. chrysotile 0.010 McDonald et al. 84 
Mesothelioma KM (10-8)  
Cement products Mixed 12 Finkelstein 83 
Insulation products Amosite 3.2 Seidman et al. 79 
Insulation workers Mixed 1.5 Selikoff et al. 79; Peto et al. 

82 
Textile workers Predom. chrysotile 1.0 Peto 80; Peto et al. 82 
a RL:  Value calculated for the increase in the relative risk for lung cancer per “fibre year” (F/mL-y) 
 KM: Measure calculated for the increase in the mesothelioma rate per F/mL according to a 

calculation model formulated in HEI-AR (1991) (see text) 
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Table 3: Coefficients for asbestos ERRs according to calculations by Hodgson and 
Darnton (2000). Amphibole data are italicised; levels corresponding to the 
recommendations given in HEI-AR (1991) are in bold type. 

Measure of potencya Cohort name Work area; 
occupa-

tional 
group 

Type of 
asbestos Lung cancer 

RL (%) 
Mesotheliom

a 
KM (10-8) 

Reference 

Massachusetts Other Crocidolite 10  Talcott et al. 89 
Carolina, women Textile Chrysotile 6.7  Dement et al. 94 
Albin Cement Ch.-am.-cro. 6.2  Albin et al. 90a,b 
Paterson Insulation Amosite 5.8 3.0 Seidman et al. 86 
Ontario Cement Chry.-croc. 5.2 13 Finkelstein 84 
S.A. crocidolite Mines Crocidolite 5.2 34 Sluis-Cremer et al. 92 
Carolina, men Textile Chrysotile 4.6  Dement et al. 94 
Wittenoom Mines Crocidolite 3.4 13.8 de Klerk et al. 94 
S.A. amosite Mines Amosite 1.9 2.7 Sluis-Cremer et al. 92 
New Orleans, 2 Cement Chry.-croc. 0.97  Hughes et al. 87 
Pennsylvania Textile; 

friction 
Chry.-amos. 0.80  McDonald et al. 83a,b

Connecticut Friction Chrysotile 0.80  McDonald et al. 84 
U.S./Canada Lagging; 

insulation 
Ch.-am.-cro. 0.53 1.7 Seidman and Selikoff 

90 
Vocklabruck Cement Chry.-croc. 0.45  Neuberger and Kundi 

90 
Rochdale Textile Chry.-croc. 0.37 0.9 Peto et al. 85 
Johns Manville Insulation Ch.-am.-cro. 0.21  Enterline et al. 87 
Quebec Mines Chrysotile 0.06 0.011 Liddell et al. 97 
Balangero Mines Chrysotile 0.03  Piolatto et al. 90 
Ferodo Friction Chry.-croc. 0  Newhouse and 

Sullivan 89 
New Orleans, 1 Cement Chry.-amos. 0  Hughes et al. 87 
a RL:  Value calculated for the increase in the relative risk for lung cancer per “fibre year” (F/mL-y) 
 KM: Measure calculated for the increase in the mesothelioma rate per F/mL according to a 

calculation model formulated in HEI-AR (1991) (see text) 
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Table 4: Descriptive data on the evaluated studies according to Tables 12 and 13 by Hodgson and Darnton (2000) (for comparison: the lung cancer 
proportion of deaths from all causes was 75535/1075078 = 7.0% in the general male population of the United States in 1980; WHO, 2003). 

Number of deaths SMR Cohort name Work area Type of asbestos

All Lung 
cancer 

Mesothelioma All 
causes 

Lung 
cancer 

Average cum. 
exposure 

(fibre years) 

Percentage of 
lung cancer and 
mesothelioma of 

all deaths 

Massachusetts Other Crocidolite 28 8 5 3.37 13.1 120 46.4 

Ontario Cement Chry.-croc. 108 22 17 1.73 4.14 60 36.1 

U.S./Canada Lagging Chry., amo., croc. 4626 934 453 1.46 3.64 500 30.0 

Wittenoom Mines Crocidolite 719 87 72 1.19 1.79 23 22.1 

Paterson Insulation Amosite 593 98 17 1.67 4.78 65 19.4 

New Orleans; plant 2 Cement Chry., croc. 603 73 3 0.98 1.46 47 12.6 

Carolina; men Textile Chrysotile 607 74 2 1.48 2.3 28 12.5 

Carolina; women Textile Chrysotile 362 38 0 1.21 2.75 26 10.5 

Ferodo Friction Chry., croc. 2577 241 13 0.97 0.99 35 9.9 

Vocklabruck Cement Chry., croc. 540 47 5 -- 1.11 25 9.6 

Quebec Mines Chrysotile 6587 587 33 1.11 1.36 600 9.4 

S.A. crocidolite Mines Crocidolite 423 19 20 1.27 1.86 16.4 9.2 

Rochdale Textile Chry., croc. 727 56 10 1.21 1.51 138 9.1 

Connecticut Friction Chrysotile 557 49 0 1.01 1.37 46 8.8 

Johns Manville Insulation Chry., amo., croc. 944 73 8 1.24 2.57 750 8.6 

New Orleans; plant 1 Cement Chry.-amos. 259 21 1 0.88 0.93 79 8.5 

Albin Cement Chry., amo., croc. 592 35 13 1.2 1.8 13 8.1 

Pennsylvania Textl.; frict. Chry., amos. 895 50 14 1.09 1.48 60 7.2 

Balangero Mines Chrysotile 317 19 2 1.41 1.1 300 6.6 

SA amosite Mines Amosite 648 21 4 1.42 1.45 23.6 3.9 
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Table 5 shows an extract from Table 6-3 given in HEI-AR (1991). The scenario that is 
considered here consists of 40-year exposure at the workplace, roughly between the 
ages of 20 and 60. The longest duration of exposure for which data are specified in 
Table 6-3 of HEI-AR (1991) is 20 years. Therefore, Table A5 includes the values for 
men for exposures of 5 and 20 years from the age of 20. 

 

Table 5: Results for the absolute lifetime risk (up to the age of 80) according to Table 
6-3 of HEI-AR (1991) 

Excess lifetime risk related to 0.0001  
F/mL (calculated up to the age of 80) 

Age at start 
of exposure 

Type of cancer 

5-year exposure 20-year exposure 

20 years Lung cancer 0.3 / 1000000 1.3 / 1000000 

20 years Mesothelioma 0.3 / 1000000 0.9 / 1000000 

20 years Sum 0.6 / 1000000 2.2 / 1000000 

 

The HEI-AR (1991) data refer to a very low exposure concentration. However, since 
linear dose-response relationships were used as the basis for both types of cancer, 
they can very easily be converted. An exposure-related cancer risk of 2.2 to 1000 is 
obtained for 20-year exposure to asbestos at an average workplace concentration of 
0.1 F/mL, i.e. after cumulative exposure of 2 fibre years. A risk of about 4 to 1000 
results for cumulative exposure of 4 fibre years. Strictly speaking, according to Table 
5, this only applies to 20-year exposure at 0.2 F/mL (since duration and level of 
exposure are not mathematically equally weighted based on the mesothelioma 
model); however, it is plausible (and can be demonstrated by detailed calculations) 
that the difference from 40-year exposure at a level of 0.1 F/mL is not of relevance 
here. 

On the basis of the ERR for asbestos generally recommended in HEI-AR (1991) 
using the parameters KL = RL = 1% per fibre year and KM = 1 x 10-8, a cancer risk of 
about 4 to 1000 is to be assigned to 40-year exposure at the workplace at a level of 
0.1 F/mL = 100000 F/m3.  

An almost identical result is obtained if the unit risk for exposure in the environment 
of the U.S. EPA (2008) is converted to the workplace situation. This is 
understandable if it is assumed that the recommendations of HEI-AR (1991) and the 
U.S. EPA (2008) are based on the same assumptions and figures for the risk 
coefficients. According to the U.S. EPA (2008), the unit risk for lung cancer and 
mesotheliomas is 2.3 x 10-1 per F/mL. This excess risk refers to an exposure of 24 
hours per day, 365 days per year over 70 years and an inhaled volume of 20 m³ per 
day. According to the Guide for the Quantification of Cancer Risk Figures, a specific 
risk at the workplace (40 years; 240 working days per year; 8 hours per day or 
inhaled volume of 10 m³ per day) of 0.43 x 10-1 = 4.3% per F/mL is obtained. It is 
obvious that this value is practically identical with the above-mentioned risk of 4 to 
1000 = 0.4% per 0.1 F/mL. 
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OSHA (1999) specified an excess cancer risk of 4.5 to 1000 after 20-year exposure 
to 0.2 F/mL. This is apparently based on the same approach; linear conversion 
results in a risk of about 4 to 1000 after 40-year exposure to 0.1 F/mL. OSHA (1999) 
emphasised that there is no adequate scientific basis for differentiating individual 
types of asbestos in exactly quantitative terms or for assuming a considerably lower 
risk for chrysotile. The following is stated: “The Agency believes that the studies used 
to derive risk estimates remain valid and reliable, and that OSHA's decision to not 
separate fiber types for purposes of risk analysis is neither scientifically nor 
regulatorily incorrect.” And it goes on: “(t)here's not a clear difference, ... even in 
humans, for lung cancer ... in terms of distinguishing the potency of amphiboles vs. 
chrysotile.” 

In Germany, on behalf of the German Conference of Environment Ministers, a 
working group specified exposure-risk relationships for asbestos on the basis of 
epidemiological data (LAI, 1992f (29)). Fischer and Meyer (1993) carried out the 
calculations. A unit risk of 2 x 10-5 per 100 F/m3 was specified. This result is also 
practically identical with the level established by the EPA (2 x 10-5 per 100 F/m3 = 2 x 
10-1 per F/mL; see above).  

All these risk estimates for “asbestos” ultimately correspond to the levels of 1% and 
1 x 10-8 listed for the RL and KM coefficients in Tables 2 and 3. It is obvious that these 
values are not the upper limit of the range of the levels. However, the potency 
comparison with MMMFs is carried out using the intraperitoneal data of amphiboles. 
Therefore, if individual risk estimators are definitely assigned to certain types of 
asbestos, as in the case of Hodgson and Darnton (2000), higher values for the 
coefficients would have to be used for this comparison. In Tables 2 and 3, the values 
obtained after (almost) exclusive exposure to amphiboles are italicised. For 
crocidolite, the RL values are between 3.4 and 10% and the KM values are 13.8 and 
34 x 10-8. Accordingly, when comparing the intraperitoneal data of MMMFs and 
crocidolite, the lung cancer risk should be assessed higher by a factor of between 3.4 
and 10 than according to the EPA unit risk; the mesothelioma risk should even be 
assessed higher by a factor of between 13 and 34 than according to the EPA unit 
risk.  

Therefore, considering possible uncertainties in using a risk figure for asbestos, the 
actual amphibole-related risk for humans is very probably underestimated if the 
method proposed is applied under the described aspects. Hodgson and Darnton 
(2000) argued that this approach even definitely underestimates the risk. This can 
also very easily be demonstrated by the RM levels that Hodgson and Darnton (2000) 
additionally specified. They are estimates of the lifetime mesothelioma risk per fibre 
year, which are calculated from the ratio between observed mesothelioma cases and 
the total number of expected deaths from all causes. According to Table 1 of 
Hodgson and Darnton (2000), this value is about 0.5% per fibre year for crocidolite. A 
mesothelioma risk of 2% alone results for the above-mentioned reference point of 4 
fibre years, whereas according to the recommendations of HEI-AR (1991), U.S. EPA 
(2008) and OSHA (1999), the risk for lung cancer plus mesothelioma is only 0.4%. 
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3.3 Summary of the epidemiologically derived risk assessment for 
asbestos and assessment of the uncertainties 

The unit risk specified by the U.S. EPA (2008) results in a specific risk (lung cancer 
and mesotheliomas) of 4.3% per F/mL for 40-year exposure to asbestos at the 
workplace. Almost identical levels are obtained from the specific risk generally 
recommended by HEI-AR (1991) for assessments of asbestos exposures, the OSHA 
(1999) value and the unit risk according to Fischer and Meyer (1993) developed for 
the Federal Committee for Ambient Air Quality Protection in Germany. The 
“asbestos” levels were derived from studies with exposures to various types of 
asbestos and have been proposed for fibre concentrations measured by light 
microscopy. All risk coefficients derived from studies for which exposure to 
amphibole asbestos alone was assumed are higher than the levels that the EPA 
used for its risk assessment. Therefore, assuming – as for example Hodgson and 
Darnton (2000) did – that there are specific or “typical” potencies for the individual 
types of asbestos that are distinguished by their different mineralogical names, the 
unit risk established by the U.S. EPA (2008) definitely underestimates the risk when it 
is applied to amphibole asbestos minerals. A factor of 5 or above has to be assumed 
for underestimation in the case of crocidolite.  

Another aspect has to be considered when comparing asbestos and MMMFs. In 
some MMMF types, in particular mineral wools including aluminium silicate wool 
(vitreous ceramic fibres), the diameter distribution is distinctly shifted towards thicker 
fibres, while in asbestos, the proportion of very thin fibres that are not visible by light 
microscopy is larger. This may mean risk overestimation for such MMMFs as related 
to asbestos using the method of comparison selected here. Although the percentage 
of asbestos fibres that cannot be detected by light microscopy is generally not 
constant, a factor of 4 can be assumed, for example, on the basis of the results of 
measurements by Riediger (1984, (26)). According to recent results by Dement et al. 
(2008, (27)) and Stayner et al. (2008, (28)), the number of very thin fibres determined 
by transmission electron microscopy in the chrysotile textile industry was on average 
only about twice as high as the number of (WHO) fibres detected by light microscopy. 
It is not likely that the measure of risk overestimation based on this possible source 
of error is greater than the measure of risk underestimation that results from 
application of the “mean asbestos risk” to amphiboles or crocidolite. Since these 
uncertainties (in ranges below one order of magnitude) cannot be quantified 
accurately and are neither additive nor multiplicative, but more or less outweigh each 
other, it is justified that no correction factors are used. 

Therefore, the unit risk estimate established by the U.S. EPA on the basis of 
epidemiological studies for deaths from lung cancers and mesotheliomas caused by 
asbestos is selected as a starting point for determining the exposure-risk relationship 
for man-made mineral fibres. For asbestos, this results in a workplace-specific 
additional lung cancer and mesothelioma risk of 4.3% per 40 fibre years or per 
1 F/mL after 40-year exposure. Since there are no data that would justify using a 
different approach with sufficient reliability, linear extrapolation to different cumulative 
exposures is carried out. 
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4  Carcinogenic potency of fibre dusts in the intraperitoneal test 

Table 6 includes the basic data of fibre dusts that were investigated by the working 
group of Pott and Roller in the Medical Institute of Environmental Hygiene at the 
University of Düsseldorf, Germany. These are of practical relevance and were used 
for the calculation of the BMD10 or T10 according to the Guide for the Quantification of 
Cancer Risk Figures. Since there was no evidence of sex-dependent susceptibility, 
test groups with male and female rats were combined for the same type of fibres. 
The test groups with granular silicon carbide, which induced no mesothelioma after 
intraperitoneal injection, were also considered together with the controls or crocidolite 
groups. These basic data were used to calculate the BMD10 or T10 according to the 
criteria of the Guide by means of the preferred multistage and gamma function 
models.  

Table 7 includes the BMD10 values for which the best curve fit was achieved. The test 
groups were combined further on the basis of similar fibre dimensions and an 
identical chemical composition (aluminium silicate fibres; glass 475). Since such a 
summary is biologically appropriate, no test has been carried out whether the 
summary is also justified statistically. Moreover, the Annex shows that no 
substantially different results are obtained if the test groups are considered 
individually. In addition to the Guide, the T10 value is listed for all fibre types for 
comparison and, in divergence from the Guide, a BMD10 was calculated for the 
MMVF21 fibre type, for which only tumour incidences higher than 80% are available. 
In view of the course of the dose-response relationship of other fibre types, linear 
extrapolation according to the T10 approach would lead to an underestimation of the 
risk (see also Table 7).  
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Table 6:  Injected number of fibres and tumour incidence for various fibre dusts  

Test animals Type of fibre Dose  
[F x 109] 

No. Tumourse 

L 
(m)a 

D 
(m)a 

Fibre 
definition 

Refer-
ence 

Control NaClb 0 433 2 - - 
Crocidoliteb 0.042 273 170 1.4 0.19 

0.061 40 9 2.4 0.27 Tremolite 
0.28 40 30 2.4 0.27 
0.46 40 12 13.5 0.94 MMVF-11 
1.19 23 16 13.5 0.94 
2.7d 39 3 8 0.7 
5.4d 37 4 8 0.7 
10.8 d 84 13 8 0.7 

B-01-0.9 

21.6 d 50 33 8 0.7 
0.47 38 37 14.6 1.03 MMVF-21 
1.17 38 33 14.6 1.03 
0.11 68 4 8.8 0.84 
0.33 68 17 8.8 0.84 

M-Stone 

1.11 35 22 8.8 0.84 
0.4 40 4 7.8 0.77 
1 40 8 7.8 0.77 

MMVF-22 

2.9 38 18 7.8 0.77 

L > 5 m  
D < 3 m  
L/D > 3/1  

7 

Control NaCl 0 102 2 - - 
Basalt 0.059 53 30 17 1.1 
Ceramic Fibrefrax 0.15 47 33 13 0.89 
Ceramic MAN 0.021 54 12 16 1.4 
Glass 104/475 0.680 53 34 2.6 0.15 

L > 5 m  
D < 3 m  
L/D > 5/1  
 

8 

Control NaCl 0 32 2 - - 
0.042 32 18 2.1 0.20 Crocidolite S.A.c 
0.169 32 28 2.1 0.20 
0.079 30 5 3.2 0.18 Glass 104/475c 
0.32 31 8 3.2 0.18 

L > 5 m  
D < 2 m  
L/D > 5/1  

9 

Control NaCl 0 84 2 - - 
0.005 16 2 3.1 0.31 
0.027 23 5 3.1 0.31 
0.13 21 13 3.1 0.31 
0.67 30 23 3.1 0.31 

Silicon carbide 

2.68 37 36 3.1 0.31 
0.045 34 1 3.2 0.22 Potassium titanate 
0.18 36 11 3.2 0.22 
0.021 36 17 13.1 0.84 Ceramic Fibrefrax II 
0.069 36 29 13.1 0.84 

M-475 0.32 48 8 2.3 0.14 
Ceramic Manville 0.009 36 6 16.4 1.35 
Ceramic Fibrefrax I 0.029 35 15 5.5 0.47 

L > 5 m  
D < 2 m  
L/D > 5/1  

10 

a  Median  
b  Including granular SiC groups  
c  Data on injected number of fibres and fibre definition: personal communication by Dr. Roller of 

Feb. 6, 2008  
d  Mean of the specific fibre concentrations in (7)  
e  Histologically confirmed, primary epitheloid and sarcomatous mesotheliomas in (7); described in 

(8), (9) and (10) as mesotheliomas and sarcomas (histologically confirmed carcinomas were 
sporadically counted as treatment related) 
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Table 7:  BMD10 and T10 for various fibre dusts  

 (Fibre definition: L > 5 m; D < 3 m or D < 2 m; L/D > 3/1 or L/D > 5/1) 

Type of fibre L (m)a D (m)a BMD10 x 109 T10 x 109 Reference 
Asbestos 
Crocidolite 1.4 0.19 - 0.007 7 
Crocidolite 2.1 0.20 0.007 0.0079 9 
Tremolite 2.4 0.27 0.0222 0.028 7 
Superfine fibres and whiskers 
Silicon carbide 3.1 0.31 0.011 0.0136 10 
Glass 104/475 ~ 3 ~ 0.16 0.047  0.164 8 ; 9 ; 10 
Aluminium silicate 5.5 0.47 - 0.007 10 
Potassium titanate 3.2 0.22 0.066 0.062 10 
Ceramic fibres 
Aluminium silicate ~ 14 ~ 1.0 0.0047 0.006  8 ; 10 
Mineral wools 
Basalt 17 1.1 - 0.010 8 
MMVF-21 14.6 1.03 0.014 0.048 7 
MMVF-11 13.5 0.94 0.12 0.155 7 
M-Stone 8.8 0.84 0.13 0.134 7 
MMVF-22 7.8 0.77 0.47 0.42 7 
B-01-0.9 8 0.7 4.98 5.19 7 

a  Median 
-  No BMD calculation possible; either only 1 dose tested or inadequate curve fit 
 

5  Relation of BMD10 / T10 to the fibre definition and fibre size 
distribution 

Some of the BMD10 / T10 levels of Table 7 are based on a fibre definition (L/D > 5/1; L 
> 5 µm; D < 2 µm) that is generally different from that established by WHO (L/D > 
3/1; L > 5 µm; D < 3 µm). This may modify the fibre dose used for calculating the 
BMD10 / T10 and thus the resulting levels. The same applies if the calculation is based 
on different fibre lengths. 

Data of specific fibre levels in relation to the relevant fibre definitions and fibre 
lengths are available for some of the fibre samples investigated in the intraperitoneal 
test (Table 2 in (7)). This table shows that the specific fibre levels in the length 
classes of L > 5 µm, L > 10 µm and L >20 µm hardly deviate from each other using 
the fibre definition: L/D > 5/1; L > 5 µm; D < 2 µm instead of the definition: L/D > 3/1; 
L > 5 µm; D < 3 µm. Therefore, Table 8 only includes the BMD10 / T10 values of the 
length classes listed for the fibre definition of L/D > 3/1; L > 5 µm; D < 3 µm.   
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Table 8:  BMD10 / T10 levels for different length classes based on the fibre definition: 
L/D > 3/1; L > 5 µm; D < 3 µm  

Type of fibre L > 5 µm L > 10 µm L > 20 µm 
 BMD10 T10 BMD10 T10 BMD10 T10 
Crocidolite - 0.007 - 0.002 - 0.0003 
Tremolite 0.0222 0.028 0.0081 0.009 0.0024 0.003 
M-753-104 - 0.13 - 0.048 - 0.015 
MMVF-11 0.12 0.16 0.089 0.11 0.04 0.05 
B-01-09 4.98 5.19 2.67 2.8 1.0 1.04 
B-09-0.6 7.44 6.7 1.49 1.3 0.135 0.12 
B-09-2.0 0.65 0.69 0.29 0.31 0.059 0.06 
B-20-0.6 0.17 0.14 0.044 0.037 0.012 0.01 
B-20-2.0 - 0.04 - 0.016 - 0.004 
MMVF-21 0.014 0.048 0.0099 0.035 0.0055 0.02 
R-stone E3 1.6 1.04 1.18 0.77 0.65 0.42 
M-stone 0.13 0.13 0.071 0.073 0.03 0.03 
MMVF22 0.47 0.42 0.23 0.20 0.085 0.073 

 
If fibre samples show different length distributions, reference to different length 
classes may also lead to shifts in the relation of the specific fibre sample to 
crocidolite. To explain this, the T10 levels for the different length classes were 
standardised to the specific values of crocidolite in Table 9. The resulting quotients 
specify the factor by which the potency of the fibre dust is smaller than the potency of 
crocidolite. Since this factor is a reference point for risk assessment, other relations 
result in different risk levels (higher factor results in lower risk).  

 

Table 9:  Relationship of the carcinogenic potency of MMMF samples to crocidolite 
for different length classes  

T10 MMMF / T10 croc  
Type of fibre L > 5 µm L > 10 µm L > 20 µm Factor* L > 20 µm 

[%] 
Crocidolite 1 1 1 1 4.6
Tremolite 4.00 4.50 9.68 2.42 10.9
M-753-104 18.57 24.00 48.39 2.61 14.9
MMVF-11 22.86 55.00 161.29 7.06 33.3
B-01-09 741.43 1400.00 3354.84 4.52 24.0
B-09-0.6 957.14 650.00 387.10 0.40 1.8
B-09-2.0 98.57 155.00 193.55 1.96 8.9
B-20-0.6 20.00 18.50 32.26 1.63 6.9
B-20-2.0 5.71 8.00 12.90 2.26 9.2
MMVF-21 6.85 17.50 64.52 9.42 39.7
R-stone-E3 148.57 385.00 1354.84 9.12 40.0
M-stone 18.57 36.50 100.00 5.39 23.1
MMVF22 60.00 100.00 235.48 3.92 18.1

*  Factor by which the potency changes if the potency comparison is carried out with crocidolite 
based on the T10 level for fibres with L > 20 µm instead of the T10 level for fibres with L > 5 µm 
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Table 9 shows that the differences between the T10 levels of fibres with L > 10 µm 
and of fibres with L > 5 µm (maximum factor: 2.59 for R-stone E3) can only be 
regarded as minor. The differences are more pronounced (maximum factor: 9.42) if 
the T10 levels for fibres with L > 20 µm are compared with the T10 levels for fibres with 
L > 5 µm. They are particularly pronounced (MMVF21; MMVF11; R-stone E3) when, 
in comparison to crocidolite, the fibre sample includes many fibres with L > 20 µm 
since there is a close correlation between the T10 20 µm / T10 5 µm relation and the 
percentage of fibres with L > 20 µm of the specific fibre sample (Table 9; Figure 1). 

Figure 1: 

 
 
The fibre length primarily responsible for the carcinogenic effect is often discussed 
(L > 5 µm?; L > 20 µm?). In this case, lower risks by a maximum factor of 9.4 are 
obtained if only fibres with L > 20 µm are taken into account (see Table 9). In view of 
the uncertainties involved in the risk assessment for asbestos (see above), this is not 
regarded as relevant, and the risk assessment is based on WHO fibres.  

 

6  Fibre dimensions at workplaces and in the intraperitoneal test 

The uncertainties listed in Section 5 are also to be assessed in light of the sparse 
knowledge of the fibre size distribution in the workplace air. The diameters and 
lengths of fibre dimensions at the workplace listed in Table 10 were taken from the 
literature (11; 12; 13).  
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Table 10:  Comparison of fibre dimensions in the workplace air with fibre dimensions 
investigated in the intraperitoneal test  

 Diameter [µm] Length [µm] 
Type of fibre Workplace Test Workplace Test 
Crocidolite (S.A.) 0.075 - 0.12a 0.19a 0.9 - 1.7a 1.8a 
Glass microfibre 0.18a 0.14a 6.8a 2.3a 
Glass wool 0.75 - 1.9b 0.77a 9.2 - 30b 14.6a 
Stone wool 1.2 - 1.9b 0.84a 12 - 22b 16.9a 
RCF 0.84 - 1.2b 0.47a 11 - 19b 16.4a 
MMVF; loose; 
binder 

1.0 - 2.0b  30 - 50b  

MMVF; loose; 
without binder 

0.6b  14 - 15b  

MMVF mat 0.9 - 1.3b  22 - 37b  
Polycrystalline 
Al2O3 fibres 

2.2 - 2.3b  26.7 - 28.7b  

a  Median   
b  Geometric mean 
 

The crocidolite fibres investigated in the intraperitoneal test were generally thicker 
than the crocidolite fibres at the workplace, but similar in length, while the man-made 
mineral fibres were usually thinner and shorter. For this reason, the risk derived from 
the intraperitoneal test results tends to be underestimated. 

 

7  Exposure-risk relationship for man-made mineral fibres based on the 
BMD10 / T10 relations 

Unlike asbestos, man-made mineral fibres do not cleave along the fibre axis. Since 
asbestos splits lengthwise, this may increase the fibre dose, which is then difficult to 
determine. This tendency varies considerably depending on the type of asbestos. 
Since it is lowest in crocidolite, its T10 value was used as a reference for calculation. 
In Table 11, the BMD10 / T10 levels were converted in relation to the epidemiologically 
established risk of 4.3% per 1 asbestos fibre/mL. 
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Table 11:  Quantitative risk assessment for fibres of the WHO definition based on the 
BMD10 / T10 relation as well as resulting air concentrations, which 
according to the AGS decision correspond to the tolerable and acceptable 
risk after 40-year exposure (4:1000 and 4:10000 / 4:100000)   

Acceptable risk 
[F / m³] 

Type of fibre BMD10 / T10  

[F x 109] 
Factor 
relative to 
crocidolite 

Risk per  
40 fibre years 

Tolerable 
risk 
[F / m³] For the 

transitional 
period 

From 
2018 

Crocidolite 0.007 1.0 4.3 : 100 93000 9300 930
Tremolite 0.022 3.14 1.4 : 100 292000 29200 2920
Silicon carbide 0.011 1.57 2.7 : 100 146000 14600 1460
Glass 104/475 0.047  6.71 6.4 : 1000 625000 62500 6250
Aluminium 
silicate 
(superfine) 

0.007 1.0 4.3 : 100 93000 9300 930

Potassium 
titanate 

0.066 9.43 4.6 : 1000 877000 87700 8770

Aluminium  
silicate 

0.0047 0.67 6.4 : 100 62500 6250 625

Basalt 0.010 1.43 3.0 : 100 133000 13300 1330
MMVF-21 0.014 2.0 2.2 : 100 186000 18600 1860
MMVF-11 0.12 17.14 2.5 : 1000 1590000 159000 15900
M-stone 0.13 18.57 2.3 : 1000 1730000 173000 17300
MMVF-22 0.47 67.14 0.6 : 1000 6250000 625000 62500
B-01-0.9 4.98 711.43 6.0 : 100000 66200000 6620000 662000

 

8  Plausibility check of the risk assessment based on epidemiological 
findings 

According to the risk assessment for asbestos used here, an exposure-related 
lifetime cancer risk (lung cancer and mesothelioma) of 0.1% is expected after 
cumulative exposure at a level of 1 fibre year. For example, cumulative exposure of 1 
fibre year exists if there is 20-year occupational exposure to a long-term average 
concentration of WHO fibres at a level of 0.05 F/mL (= 50000 fibres per cubic metre 
of air). To assess the applicability of this risk assessment to biopersistent man-made 
mineral fibres (ceramic fibres; fibres of “old” stone and glass mineral wools) as 
compared with epidemiological findings, it is in particular necessary to consider 
information about cumulative exposures and the size of the cohorts exposed in the 
past. 

Table 12 shows cumulative exposures in epidemiological studies that were compiled 
by IARC (2002) on the basis of the available data (12). Table 12 only includes 
studies in which absolute cumulative exposure levels were specified; studies in which 
exposure categories were only established for the duration of employment have not 
been considered. Several studies include more than two exposure categories. 
Exposure in the middle categories is in a range of about 1 fibre year or even below. 
The highest lower limit of 3.3 fibre years versus the top category is described in the 
study by Marsh et al. (1996). The publication of the IARC monography in 2002 was 
followed by that of a study carried out in the ceramic fibre industry (16). A median of 
cumulative exposure of 12.1 fibre months corresponding to about 1 fibre year as well 
as a mean of 45.3 fibre months corresponding to about 4 fibre years were specified 
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there. All this information demonstrates that a substantial proportion of cumulative 
exposure was below 1 fibre year and that a cumulative exposure of 4 fibre years is to 
be considered a relatively high value; in the large MMMF studies, it should not be 
regarded as a median of the total cohorts but rather as a median of the upper 
exposure categories. 

According to the risk assessment for asbestos, an exposure-related lifetime cancer 
risk (lung cancer and mesothelioma) of 0.4% is expected after cumulative exposure 
at a level of 4 fibre years. If this risk assessment were applied to MMMF-exposed 
cohorts, 4 exposure-related deaths from cancer would have to be expected among 
1000 persons who had died, for example. These 4 cancers would occur in addition to 
the background incidence for lung cancer and mesothelioma. The risk of lung cancer 
in the general male population of the industrial countries is quite high; according to 
the data of several countries (United States, United Kingdom and Germany), it was in 
a range of 5 to 10% in the last 20 years. This means that, under these conditions, the 
number of 4 exposure-related cancers expected after exposure to MMMF at a level 
of 4 fibre years would have to be distinguished from a number of 50 to 100 lung 
cancers expected for different reasons. This does not seem reasonably possible. 
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Table 12:  Cumulative exposure to vitreous man-made mineral fibres (MMMF; MMVF) 
at workplaces according to IARC (2002)  

Authors of the studies Cumulative exposure 
 Number of exposure categories 

and exposure levels in units 
specified in IARC (2002) 

Converted to “fibre years” 
(F/mL*y) 

Glass wool (Table 52) 
 
Chiazze et al. (1992, 1993) 

3 categories (F/cm³ - days) 
< 100 

100 - 299.99 
≥ 300 

 
< 0.38 

0.38 - 1.15 
≥ 1.15 

Rock (stone) wool and slag wool (Table 56) 
 
 
Marsh et al. (1996) 

4 categories (F/cm³ - months) 
< 3 

3 - 14 
15 - 19 
≥ 40 

 
< 0.25 

0.25 - 1.2 
1.2 - 3.25 
≥ 3.3 

 
Wong et al. (1991) 

2 categories (F/cm³ - months) 
< 7 
≥ 7 

 
< 0.58 
≥ 0.58 

 
Plato et al. (1995) 

3 categories (F/cm³ - years) 
< 1 

1 - 2 
> 2 

 
< 1 

1 - 2 
> 2 

 
Consonni et al. (1998) 

4 categories (F/cm³ - years) 
≤ 0.139 

0.140 - 0.729 
0.730 - 2.632 

≥ 2.622 

 
≤ 0.139 

0.140 - 0.729 
0.730 - 2.632 

≥ 2.622 
RCF (Table 57) 

 
Chiazze et al. (1997) 

3 categories (F/cm³ - days) 
< 0.01 

0.01 - 0.999 
1.0 - 39.24 

 
< 0.000038 

0.000038 - 0.0038 
0.0038 - 0.15 

MMVF fibre type not otherwise specified (Table 58) 
 
Gustavson et al. (1992) 

4 categories (F/cm³ - years) 
< 0.02 

0.02 - 0.08 
0.05 - 0.13 
0.05 - 0.17 

 
< 0.02 

0.02 - 0.08 
0.05 - 0.13 
0.05 - 0.17 

Brüske-Hohlfeld et al. (2000) 
Pohlabeln et al. (2000) 

2 categories (F/cm³ - years) 
0.1 - 0.4 

> 0.4 

 
0.1 - 0.4 

> 0.4 
 
Rödelsperger et al. (2001) 

4 categories (F/cm³ - years) 
≤ 0.015 

> 0.015 - 0.15 
> 0.15 - 1.5 

> 1.5 

 
≤ 0.015 

> 0.015 - 0.15 
> 0.15 - 1.5 

> 1.5 

 
In addition to the number of cancers observed and the number of persons examined, 
scores of the relative risk are usually specified in epidemiological studies. This 
means that a factor is established by which the risk of persons exposed (in a certain 
category) differs from the risk of non-exposed persons, e.g. from the general 
population. The Standardised Mortality Ratio (SMR) and the Odds Ratio (OR) are 
such scores. The risk assessments carried out by the U.S. EPA/OSHA for asbestos-
related lung cancer are based on models that describe the association between the 
SMR for lung cancer and cumulative exposure to fibres. Specific formulae are given 
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in HEI-AR (1991; (15)). Accordingly, the risk assessment carried out here for 
asbestos is also based on the following relationship: 

 SMR (lung cancer) = 1 + 0.01 multiplied by the number of fibre years 

The following result is obtained for 4 fibre years: SMR = 1 + 0.01 multiplied by 4 = 
1.04.  

On the basis of the above information, a specific risk of 0.1% per fibre year may not 
be applied to an MMMF type if a large cohort had been exposed to an average of 4 
fibre years and an absolute additional lifetime cancer risk of 0.4% (4 of 1000) or an 
SMR of 1.04 could have been ruled out for this cohort with sufficient reliability.  

With regard to uncertainties in the epidemiological determination of SMRs, random 
variation has to be considered in the form of a confidence interval. The statistical 
confidence interval of the SMR depends on the number of cases observed. 
Assuming that 2000 lung cancer cases were observed and an SMR of 1.000 was 
calculated, the 95% confidence interval for this SMR would range from 0.957 to 
1.045; the value of 1.04 would not be excluded at the usual level of significance even 
on the basis of this extremely high number of cases. It has to be borne in mind that 
the number of 2000 here refers to the number of lung cancers observed rather than 
to the size of the cohort. The number of lung cancers was not in this range in any of 
the epidemiological studies assessed in IARC (2002) (733 lung cancers were 
observed in the largest study by Marsh et al., 2001, and 6 in the study by Walker et 
al., 2002 (16)). The level of 1.04 for the SMR is included in the 95% confidence 
intervals of all available studies (12; 16). 

As expected, the “narrowest” range of the confidence intervals listed in the IARC 
(2002) tables is found in the study comprising the largest cohort (quotation: Marsh et 
al., 2001a, in IARC, 2002). The observation of 733 deaths from respiratory cancer 
was associated with an SMR of 1.07 and a narrow 95% confidence interval of 0.99 to 
1.15. Thus, in purely mathematical terms, the SMR is greater than 1.00. The lower 
limit of the 95% confidence interval shows that the increase is formally not 
statistically significant, but just under the level of significance. Although no absolute 
exposure data are available for the study, it can be concluded from the information 
provided by the other studies that the average exposure of the entire cohort of 
26,679 persons was more likely lower than 4 fibre years. Table 52 of IARC (2002) 
also shows the sub-cohort of long-term workers who were employed for at least 5 
years. In this category, the number of respiratory cancers decreased to 138 and the 
confidence interval increased to 0.90 to 1.26 with a point estimate of 1.06 
corresponding to the small number of cases. For the sub-cohort of workers exposed 
to “mostly glass wool”, the SMR was 1.18 and, at a confidence interval of 1.04 to 
1.34, it is formally statistically significantly increased. The upper limits of the relative 
risks in the smaller studies are generally definitely higher than 1.5 or even up to 2.0 
and above. 

In addition to the statistical confidence intervals, when assessing the SMRs it has to 
be considered that essential characteristics of the exposed cohort members may on 
average differ from those of the general population used for comparison. Smoking 
habits are one example of this. If the percentage of cigarette smokers is higher in an 
exposed cohort than in the general population, an SMR greater than 1 is expected for 
lung cancer in the exposed cohort with otherwise identical characteristics even if 
there is no exposure-related effect. This interpretation was used several times in the 
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past to explain elevated SMRs in exposed cohorts. The statistically significantly 
increased SMRs observed in some MMMF studies were also discussed under this 
aspect. According to the data in IARC (2002), this applies to 3 studies by Boffetta et 
al. (1997) and Marsh et al. (1990), in which 140, 73 and 97 deaths from lung cancer 
were specified. The point estimates of the SMRs were 1.27, 1.36 and 1.34, 
respectively. The increases are formally statistically significant, the lower limits of the 
95% confidence interval being 1.07, 1.06 and 1.08, respectively. The upper limits 
were 1.50, 1.71 and 1.63, respectively. The largest sub-cohort of the study by 
Boffetta et al. (1997) in European glass wool production was assigned to the 
intermediate technological phase. The 100 deaths from lung cancer observed there 
correspond to an SMR of 1.40 with a confidence interval of 1.14 to 1.70 (p < 0.001), 
which is formally statistically highly significantly increased. Both the upper and the 
lower confidence limits of all these SMRs are higher than the level of 1.04 calculated 
for 4 fibre years. From a formally statistical point of view, these SMRs would not be 
consistent with the risk assessment carried out here since higher risks would have to 
be established for MMMF-exposed cohorts. However, such formal arguments do not 
apply here since the increases were not observed consistently and uncertainties that 
are not covered by the formal statistical confidence intervals and significance 
calculations have to be taken into account. 

SMRs smaller than 1 were also determined in exposed cohorts. Additional 
uncertainties have to be considered in these cases. Besides random variation, they 
include hard physical work, for example, which may have a selection effect since 
cohort members may on average be less susceptible than the average general 
population in terms of health. Reduced SMRs for deaths from all causes, which are 
found in some worker cohorts, may be interpreted as evidence of such effects. For 
example, in the study by LeMasters et al. (2003), both the SMR for lung cancer is 
smaller than 1 and the mortality risk for the sum of all causes is lower than expected 
in relation to the mortality of all men in the United States and all men in New York 
State.  

The evident difficulties of distinguishing 4 additional lung cancers from the 50 to 100 
lung cancer deaths that were expected anyway demonstrate that a risk of 
biopersistent MMMFs at the level derived here cannot be refuted on the basis of the 
available epidemiological data. In these studies, the upper limits of the 95% 
confidence intervals for SMRs are considerably higher than the value of 1.04 
expected for 4 fibre years. In addition, unquantifiable differences in characteristics 
between an average population and a worker cohort (such as smoking habits and 
susceptibility to respiratory diseases) may play a certain role in the assessment of 
SMRs that are so close to 1. Therefore, the risk might well be higher although this 
has not been refuted by the epidemiological data and the epidemiological data have 
not provided consistent evidence of there being any risk at all. 

Therefore, the quantitative risk assessment carried out here as a worst case for man-
made mineral fibres on the basis of the intraperitoneal studies and the 
epidemiological studies of asbestos is consistent with the available epidemiological 
studies of man-made mineral fibres.  
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Annex:  BMD10 for various fibre dusts (from gamma and multistage models) 

 

Type of 
fibre 

Model 
  

Fixed 
parameter 

BMD10 

No. of 
fibres x 109 

BMDL10 

No. of 
fibres x 
109 

P AIC chi2 Referenc
es 

Gamma No calculation of BMD possible because of only 2 dose groups  Tremolite 
1st degree 
multistage 

Identical 
values 

0.0222 0.0170 0.61 117.41 0.26 

Gamma No calculation of BMD possible because of only 2 dose groups  MMVF-11 
1st degree 
multistage 

Identical 
values 

0.12 0.09 0.51 107.08 0.44 

Gamma Identical 
values 

6.24 4.36 0.009 223.09 9.45 

1st degree 
multistage 

Identical 
values 

3.64 2.91 0.003 227.06 13.76

2nd degree 
multistage 

Identical 
values 

6.24 4.48 0.046 220.43 6.18 

3rd degree 
multistage 

Beta ≥0 6.73 4.66 0.18 217.61 3.38 

B-01-0.9 

3rd degree 
multistage 

None 4.98  1.68 0.98 216.49 0.00 

Gamma No calculation of BMD possible because of only 2 dose groups  
1st degree 
multistage 

Identical 
values 

0.034 0.026 0.00 90.03 25.20
MMVF-21 

1st degree 
multistage 1 

Identical 
values 

0.014 0.008 -2 38.75 0.00 

Power ≥1 0.16 0.10 0.54 184.95 0.37 Gamma 
None 0.16 0.09 0.54 184.95 0.37 

1st degree 
multistage 

Identical 
values 

0.13 0.09 0.61 183.67 0.98 

2nd degree 
multistage 

Beta ≥0 0.15 0.10 0.41 185.28 0.67 

M-stone 

2nd degree 
multistage 

None 0.15 0.09 0.41 185.28 0.67 

Power ≥1 0.47 0.35 0.97 148.17 0.06 Gamma 
None 0.44 0.14 0.87 150.14 0.03 

1st degree 
multistage 

Identical 
values 

0.47 0.35 0.97 148.72 0.06 

Beta ≥0 0.47 0.35 0.97 148.17 0.06 

MMVF-22 

2nd degree 
multistage None 0.45 0.26 0.84 150.15 0.04 

Roller et 
al. 1996 

Power ≥1 0.045 0.033 0.00 146.20 27.57Gamma 
None 0.002 0.00018 0.51 133.09 2.31 

1st degree 
multistage 

Identical 
values 

0.045 0.033 0.00 146.20 27.57

Beta ≥0 0.045 0.033 0.00 146.20 27.572nd degree 
multistage None 0.029 0.021 0.01 140.83 11.09

Silicon 
carbide 

3rd degree Beta ≥0 0.045 0.033 0.00 146.20 27.57

Pott et 
al.; 1991 

                                            
1  Only the low dose group of 0.47 x 109 was used for the BMD calculation here; application of the 

BMD method with one dose group seems to be justified on the basis of the data available on 
MMVF-21. 

2  Not specified 
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Type of 
fibre 

Model 
  

Fixed 
parameter 

BMD10 

No. of 
fibres x 109 

BMDL10 

No. of 
fibres x 
109 

P AIC chi2 Referenc
es 

multistage None3 0.012 0.0079 0.66 133.43 0.82 

Beta ≥0 0.045 0.033 0.00 146.20 27.574rth degree 
multistage None 0.011 0.0051 0.39 135.38 0.73 
Gamma No calculation of BMD possible because of only 2 dose groups  Potassium 

titanate 
 

1st degree 
multistage 

Identical 
values 

0.066 0.041 0.18 78.51 1.83 

Crocidolite No calculation of BMD possible because of only one dose group Roller et 
al. 1996 

Gamma No calculation of BMD possible because of only 2 dose groups  Crocidolite
4 
 

1st degree 
multistage 

Identical 
values 

0.005 0.004 0.0006 487.14 11.85
Roller et 
al. 1996; 
Pott et al. 
1987 

Gamma No calculation of BMD possible because of only 2 dose groups  Crocidolite 
1st degree 
multistage 

Identical 
values 

0.007 0.006 0.24 88.27 1.40 
Pott et al. 
1987 

Power ≥1 0.005 0.004 0.002 487.14 12.28Gamma 
None 0.0002 0.0000002 0.51 482.26 0.44 

1st degree 
multistage 

Identical 
values 

0.005 0.004 0.002 487.14 12.28

Beta ≥0 0.005 0.004 0.002 487.14 12.28

Crocidolite
5 

2nd degree 
multistage None 0.0041 0.0035 0.51 482.26 0.44 

Roller et 
al. 1996; 
Pott et al. 
1987 

Power ≥1 0.17 0.083 0.009 243.71 9.34 Gamma 
None 0.17 0.07 0.009 243.71 9.34 

1st degree 
multistage 

Identical 
values 

0.098 0.078 0.033 243.02 8.74 

2nd degree 
multistage 

Identical 
values 

0.18 0.097 0.033 241.75 6.85 

Beta ≥0 0.17 0.10 0.071 240.31 5.29 

Glass 
104/4756 

3rd degree 
multistage None 0.047 0.019 0.32 238.77 0.97 

Pott et al. 
1987; 
Pott et al. 
1989; 
Pott et al. 
1991 

Power ≥1 0.17 0.082 0.004 243.71 8.54 Gamma 
None 0.17 0.07 0.004 243.71 8.54 

1st degree 
multistage 

Identical 
values 

0.098 0.078 0.018 243.02 8.00 

Glass 
104/4757 

2nd degree 
multistage 

Identical 
values 

0.17 0.097 0.014 241.75 6.03 

Pott et al. 
1987; 
Pott et al. 
1989; 
Pott et al. 
1991 

Gamma No calculation of BMD possible because of only 2 dose groups  Glass 
104/475 
„long“8 

1st degree 
multistage 

Identical 
values 

0.14 0.071 0.49 81.87 0.48 
Pott et al. 
1987 

Glass Gamma No calculation of BMD possible because of only 2 dose groups  Pott et al. 

                                            
3  Very poor optical adjustment 
4  Summary of the data from Roller et al. 1996 and Pott et al. 1987; addition of the controls; addition 

of the dose groups with an injected number of fibres of 0.042 x109  
5  Summary of the data from Roller et al. 1996 and Pott et al. 1987; addition of the controls; dose 

group with an injected number of fibres of 0.042 x109 considered separately 
6  Summary of the data from Pott et al. 1987, Pott et al. 1989 and Pott et al. 1991; addition of the 

controls; dose group with an injected number of fibres of 0.32 x109 considered separately 
7  Summary of the data from Pott et al. 1987, Pott et al. 1989 and Pott et al. 1991; addition of the 

controls; addition of the dose groups with an injected number of fibres of 0.32 x109  
8  Data from Pott et al. 1987 for glass 104/475 “long” (L = 3.2 m; D = 0.18 m) 
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Type of 
fibre 

Model 
  

Fixed 
parameter 

BMD10 

No. of 
fibres x 109 

BMDL10 

No. of 
fibres x 
109 

P AIC chi2 Referenc
es 

104/475 
„short“9 

1st degree 
multistage 

Identical 
values 

0.096 0.074 0.008 162.70 7.04 1991; 
Pott et al. 
1989 

Ceramic 
Fiberfrax 
I10 

No calculation of BMD possible because of only one dose group Pott et al. 
1991 

Power ≥1 0.0080 0.0067 0.0000 297.94 25.77Gamma 
None 0.0026 0.0006 0.0013 293.17 15.73

1st degree 
multistage 

Identical 
values 

0.0080 0.0066 0.0000 297.94 25.77

Beta ≥0 0.0080 0.0066 0.0000 297.94 25.772nd degree 
multistage None 0.0047 0.0037 0.023 286.91 9.52 

Beta ≥0 0.0080 0.0066 0.0000 297.94 25.773rd degree 
multistage None 0.097 0.0000000

4 
0.0000 >>300 1630 

4rth degree 
multistage 

Beta ≥0 0.0080 0.0066 0.0000 297.94 25.77

Ceramic11 

4rth degree 
multistage 

None No adjustment to the model possible without 
statistically significant deviation 

Pott et al. 
1991; 
Pott et al. 
1989 

Power ≥1 0.0080 0.0066 0.0003 297.94 18.77Gamma 
None 0.0026 0.00066 0.0079 293.17 9.68 

1st degree 
multistage 

Identical 
values 

0.0080 0.0066 0.0003 297.94 18.77

Beta ≥0 0.0080 0.0066 0.0003 297.94 18.772nd degree 
multistage None 0.0047 0.0037 0.156 286.91 3.71 
3rd degree 
multistage 

Beta ≥0 0.0080 0.0066 0.0003 297.94 18.77

Ceramic12 

3rd degree 
multistage 

None No adjustment to the model possible without 
statistically significant deviation 

Pott et al. 
1991; 
Pott et al. 
1989 

Gamma No calculation of BMD possible because of only 2 dose groups  Ceramic 
Fiberfrax II 1st degree 

multistage 
Identical 
values 

0.0041 0.0032 0.50 108.61
4 

0.46 
Pott et al. 
1991 

Gamma Power ≥1 0.0078 0.0064 0.0000 207.53 25.35
Gamma None 0.0000025 <<0.00000

01 
0.032 192.03 4.61 

1st degree 
multistage 

Identical 
values 

0.0078 0.0064 0.0000 207.53 25.35

Beta ≥0 0.0078 0.0064 0.0000 207.53 25.35

Ceramic 
Fiberfrax 
„short“13 

2nd degree 
multistage None 0.0031 0.0023 0.77 187.23 0.09 

Pott et al. 
1991; 
Pott et al. 
1989 

Ceramic Gamma No calculation of BMD possible because of only 2 dose  Pott et al. 

                                                                                                                                        
9  Summary of the data from Pott et al. 1989 and Pott et al. 1991 for glass 104/475 “short” (L2 m; 

D0.14 m); addition of the controls 
10  No summary with other ceramic fibre dusts (e.g. Ceramic Fiberfrax II or Ceramic MAN) from Pott 

et al. 1989 and Pott et al. 1991 possible because of considerably different fibre length 
11  Summary of the data from Pott et al. 1989 and Pott et al. 1991; addition of the controls; dose 

group with an injected number of fibres of 0.021 x109 considered separately 
12  Summary of the data from Pott et al. 1989 and Pott et al. 1991; addition of the controls; addition of 

the dose group with an injected number of fibres of 0.021 x109 
13  Summary of the data from Pott et al. 1989 and Pott et al. 1991 for Ceramic Fiberfrax “short” 

(L13 m; D  0.8 m); addition of the controls 
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Type of 
fibre 

Model 
  

Fixed 
parameter 

BMD10 

No. of 
fibres x 109 

BMDL10 

No. of 
fibres x 
109 

P AIC chi2 Referenc
es 

groups  MAN 
„long“14 1st degree 

multistage 
Identical 
values 

0.0085 0.0057 0.39 132.97 0.73 
1991; 
Pott et al. 
1989 

Basalt No calculation of BMD possible because of only one dose group Pott et al. 
1989 

 

                                                                                                                                        
14  Summary of the data from Pott et al. 1989 and Pott et al. 1991 for Ceramic MAN “long” (L16 m; 

D1.4 m); addition of the controls 


