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1. SUMMARY

1.1 Identity, Terminology, Physical and Chemical Properties,
Analytical Methods

Man-made mineral fibres (MMMF), most of which are referred
to as man-made vitreous fibres (MMVF), are amorphous silicates
manufactured from glass, rock, or other minerals, which can be

classified intoe four broad groups: continuous filament,
insulation weol ({including rock/slag wool, and glass wool),
refractory (including ceramic fibre), and special purpose
fibres. Nominal fibre diameters for these groups are & - 15 um
(continuous filament), 2 - 9 um (insulation wools, excluding
refractory fibre), 1.2 - 3.5 pm (refractory fibre), and 0.1 -
3 pm (special purpese fibres), respectively. Continuous

filament and special purpose fibres are made exclusively from
glass, whereas insulation wools can also be made from rock or
slag (rock wool or slag wool, also referred to as mineral wool
in the USA). Refractory fibres are a large group of amorphous
or crystalline synthetic mineral fibres that are highly
resistant to heat. They are produced from kaolin clay, from the
oxides of aluminium, silicen, or other metals, or, less
commonly, from non-oxide materials, such as silicon carbide or
nitride. MMMF usually contain a binder and mineral oil as a
dust suppressant,

MMMF do not split lengitudinally inte fibrils of smaller
diameter, but may break transversely inte shorter segments. The
chemical composition of the wvarious MMMF largely determines
their chemical resistance and solubility in wvarious solutions,
whereas thermal conductivity is also determined by fibre
diameter, finer fibres giving lower thermal conductivity.

analyses for MMMF have been restricted largely to the
measurement of total airborme mass concentrations or, mote
recently (since the early 1970s), to the determination of
airborne fibre levels by phase contrast optical microscopy
(PCOM). A WHO reference method for monitoring fibre levels by
PCOM has been used fairly widely since the early 1980s.
Scanning and transmission electron microscopy offer improved
resolution and fibre identification in the determination of
MMMF. WHC has also developed reference methods to compare and
standardize assessments of MMMF by scanning electron microscopy,
but the wuse of these techniques needs to be extended
internationally.

1.2 Sources of Human and Environmental Exposure

The global production of man-made mineral fibres has been
estimated to be 4.5 million tonnes in 1973 and 6 million tommes



in 1985, Fibrous glass accounts for approximately 80% of MMMF
production in the USA, 80% of which is glass wool, mainly used
in acoustic or thermal insulation. Textile grades (5 - 10% of
fibrous glass production) are wused principally for the
reinforcement of resinous materials and in textiles, such as
draperies. Less than 1% of the production of glass fibre is in
the form of fine fibres used in speciality applications, such as
high efficiency filter paper and insulation for aireraft,
Mineral wool (rock wool/slag wool), which accounts for
approximately 10 - 15% of MMMF production in the USA, is used
mainly in acoustic and thermal insulation. In Europe, glass
wool and rock wool are produced in approximately equal volumes
and are also wused for thermal and acoustic insulation.
Refractory fibres (1 - 2% of all MMMF) are used for high-
temperature applications.

There are few quantitative data on emissions of MMMF from
manufacturing facilities. Fibre levels in emissions from
fibrous glass plants have been reported to be of the order of
0.01 fibres/cm?. Although quantitative data are not available,
it is likely that the emission of MMMF following the
installation or disturbance of insulation is the main source of
exposure of the general population.

1.3 Environmental Transport, Distribution, and Transformation

Because of the lack of data, only general conclusions on the
transport, distribution, and transformation of MMMF in the
general environment can be drawn, based on consideration of
their physical and chemical properties and of related
information concerning the behaviour of natural mineral fibres
in ambient air and water. MMMF in ambient air are, on average,
shorter and thinner than those in the occupational enviromment
(because of sedimentation of larger diameter fibres and also
transverse breakage). In general, most MMMF are more water
soluble than naturally cccurring asbestiform minerals and are
likely to be 1less persistent in water supplies. They are
removed from air by mechanical forces, sedimentation, or thermal
destruction, and from water by dissolution and deposition in
sediments.

1.4 Environmental Concentrations and Human Exposure

As a general rule, levels of MMMF 1in the occupational
environment have been determined by phase contrast optical
microscopy. Average concentrations during the current
manufacture of fibrous glass insulation range from 0.0l to
0.05 fibres/cm3. Levels in continuous fibre plants are an
order of magnitude lower, and concentrations in mineral wool
plants, in the USA, range up to an order of magnitude higher



(0.032 - 0.72 fibres/cm3) than those in glass wool production.
Under similar plant conditions, mean levels of ceramic fibres
are about 4 times higher than those for mineral wool fibres

(¢.0082 - 7.6 fibres/cmS). Average concentrations in speciality
fine-fibre plants range frem 1 to 2 fibres/em? and levels are
highest in  microfibre production facilities (1 - 50
fibres/cmS).

In Europe, exposure in MMMF preoduction can be divided
historical into early, intermediate, and late technological
phases. Whereas the order of magnitude of fibre concentrations
in glass wool plants in the early phase is estimated to have
been similar to that of current concentrations, concentrations
in rock wool and slag wool plants during the early technological
phase could have been one or two orders of magnitude higher than
those in the late phase. The presence of other contaminants,
such as polycyclic aromatic hydrocarbons, arsenic, and asbestos,
in the early slag woel production industry has also been
reported.

In general, airborre fibre concentrations during the
installation of preducts containing MMMF are comparable to, or
less than, levels found in production (< 1 fibre/ml)

Exceptions occur during blowing or spraying operations conducted
in confined spaces, such as during the insulation of aircraft or
attics, when mean levels of fibrous glass and mineral wool have
ranged up to 1.8 fibres/cm3 and 4.2 fibres/cm3, respectively.
Mean concentrations during installation of loose fill in
confined spaces have ranged up to 8.2 fibres/cm3.

Some data are available on the levels of MMMF in ambient and
indoor air. Concentrations ranging from 4 x 1073 to 1.7 x 10-3
fibres/cm3, measured by TEM, have been found in ambient air.
Mean values ranging from 5 x 102 to, typical%y, around 1074
fibres/cm®, but occasionally over 10-3 fibres/cm®, oceur in the
air of public buildings.

1.5 Deposition, Clearance, Retention, Durability, and
Translocation

Alveolar deposition of MMMF is governed principally by size.
For fibres of constant diameter, alveolar deposition decreases
with increasing length, On the basis of available data, it has
been suggested that there is a rapid decrease 1in the
respirability of fibres > 1 um in diameter in the rat compared
with a suggested upper limit in man of ~ 3.5 um (5 um by mouth
breathing).

Short MMMF (< 5 um in length) are efficiently cleared by
alveolar macrophages, whereas this form of clearance appears to
be much less effective for fibres greater than about 10 pm in
length. At present, it 1is difficult to draw definite
conclusions concerning the relative durability of man-made and



naturally-occurring mineral fibres in wvivo. In addition, there
are fibres within each of these classes of MMMF that may behave
differently from the class as a whole. For instance, longer
fibres and fibres of fine diameter dissolve more rapidly in lung
tissue than shorter or coarse ones of the same type.

The few available data indicate that translocation of the
fibres to other organs and tissues 1s limited. Fibre
concentrations in the tracheobronchial 1lymph nodes of rats
exposed to glass wooel and rock wool for 1 year were low,
compared with those of glass microfibres. Levels of all fibre
types in the diaphragm were essentially zero. The trans-
migration of fibres appears te be influenced by fibre size and
durability, short fibres being present in higher numbers in
other tissues than long ones.

1.6 Effects on Experimental Animals and Ip Vitro Test Systems

In the maiority of the inhalation studies conducted to date,
there has been little or no evidence of fibrosis of the lungs in
a range of animal species exposed to glass fibre concentrations
of wvarious types of MMMF up to 100 mg/m for periods ranging
from 2 days te 24 months. In most studles, the tissue response
was confined to accumulation of pulmonary macrophages, many of
which contained the fibres. In all cases, the severity of the
tissue reaction in animals exposed to glass fibre and, in one
study, glass wool, was much less than that for equal masses of
chrysotile or crocidelite asbestos. Moreover, in contrast to
asbestos, fibrosis did not progress following cessation of
exposure. However, the number of asbestos fibres reaching the
lung may have been greater than those for fibrous glass and
glass wool.

A statistically significant increase in lung tumours has not
been found in animals exposed to glass fibres (including glass
microfibres) or rock wool in inhalation studies conducted to
date. However, in several of the relevant studies, an increase
in lung tumours that was not statistically significant was found
in exposed animals. In all of the carcinogenicity biocassays
conducted to date, similar mass concentrations of chrysotile
asbestos have clearly induced lung tumours, whereas crocidolite
asbestos has induced few or no tumours. However, available data
are insufficient to draw conclusions concerning the relative
potency of various fibres types, because the true exposure
(number of respirable fibres) was not characterized in most of

these studies.

Inhalation or intrapleural injection of aluminium oxide
refractory fibre containing about 4% silica caused minimal
pulmonary reactions in rats and no pulmonary neoplasms were
induced. On the other hand, the incidence of interstitial
fibrosis and pulmonary neoplasms following the inhalation of



fibrous ceramic aluminium silicate glass was similar to that for
chrysotile-exposed animals; however, half of the induced tumours
were not typical of theose observed in animals exposed to
asbestos.

There has been some evidence of fibrosis in various species,
following intratracheal administration of glass fibres.
However, in most cases, the tissue response has been confined to
an inflammatory reaction. An increased incidence of lung
tumours has been reported following intratracheal administration
of glass microfibres to 2 species in the same laboratory, but
these results have not been confirmed by other investipators.

Studies involving intrapleural or intraperitoneal admini-
stration of MMMF to animals have provided information on the
importance of fibre size and in vive durability in the induction
of fibrosis and neoplasia. The probability of the development
of mesotheliomas following intrapleural and iIntraperitoneal
administration of these dusts was best correlated with the num-
ber of fibres with diameters of less than 0.25 pgm and lengths
greater than 8 um; however, probabilities were also relatively
high for fibres with diameters of less than 1.5 um and lengths
greater than 4 um, A model in which the carcinogenic potency
of fibres is considered to be a continuous function of length
and diameter and also of stability has been proposed. Asbestos
has been more potent than equal masses of glass fibre in
inducing tumours fellowing intrapleural administration. However,
certain types of ceramic fibres were as potent as equal masses
of crocidolite asbestos in inducing mesotheliomas after intra-
peritoneal injection. A similar tumour response was abserved
after intraperitoneal injection of a comparable number of
actinolite asbestos fibres longer than 5 pm, basalt wool, and
ceramic wool. Again, individual fibre characteristics are the
important criteria for studies using this route of exposure.

In in vitro assays, cytotoxicity and cell transformation
have also been a function of fibre size distribution, long
(generally > 10 pum), narrow (generally < 1 pum) fibres being
the most toxic. In general, "coarse" (> 5 um diameter) fibrous
glass (e.g., JM 110) has been less cytotoxic in most assays
than chrysotile or crocidolite asbestos. The cytotoxicity of a
single type of ceramic fibre was also low, However, the
cytotoxicity or transforming potential of finme glass (e.g., JM
100) has approached that of these types of asbestos. With
respect to genotoxicity, glass fibres have not induced point
mutations in bacterial assays. Glass fibres have been reported
to induce delayed mitosis, numerical and structural chromosomal
alterations, but not sister chromatid exchanges in mammalian
cells in vitro. Only a few in vitro studies on MMMF other than
glass fibres are available.

The effects of fibre coating on the toxlcity of MMMF have
been examined, to a limited extent, in inhalation and in vitro



studies. However, the available data are both limited and
contradictory and no firm conclusions can be drawn at this time.
Effects of combined exposure to MMMF and other pollutants have
been examined in inhalation and iIntraperitoneal injection
studies. Concomitant exposure to airborne glass fibres enhanced
the toxic effects of styrenme in mice, and the incidence of lung
cancer in rats exposed by inhalation to radon was increased by
concomitant intrapleural injection of glass fibres. 1In
contrast, the carcinogenic potency of glass fibres following
intraperitoneal administration was reduced by pre-treatment with
hydrochloriec acid (HCL).

1.7 Effects on Man

Fibrous glass and rock wool fibres (mainly those greater
than 4.5 - 5 um in diameter) cause mechanical irritation of the
skin, characterized by a fine, punctate, itching erythema, which
often disappears with continued exposure. However, few reliable
data are available concerning the prevalence of dermatitis in
workers exposed to MMMF. In several early case reports and in a
more recent limited cross-sectional study, eye irritation was
also assoclated with exposure to MMMF in the work-place.

In reports that appeared in the early literature, several
cases of acute irritation of the upper respiratory tract and
more seyxious pulmonary diseases, such as bronchiectasis,
pneumonia, chronic bronchitis, and asthma, were attributed to
occupational exposure to MMMF. However, it 1is 1likely that
exposure to MMMF was incidental rather than causal in most of
these cases, since the reported conditions have mnot been
observed consistently in more recently conducted epidemiological
studies.

Some cross-sectional epidemiological studies suggest that
there may be MMMF exposure-related effects on respiratory
function; others do not. In a large, well-conducted study,
there was an increase in the prevalence of low profusion small
shadewing on the chest radiographs of cigarette smokers with
increasing length of employment in MMMF manufacturing. However,
no consistent pattern of MMMF-related non-malignant effects on
the respiratory system has emerged, to date, from cross-
sectional surveys.

There has been little evidence of excess mortality from non-
malignant respiratory disease (NMRD) in MMMF workers in
analytical epidemiological studies that have been conducted to
date, including the two largest investigations coenducted in
Europe and the USA. There were no statistically sigrificant
increases in NMRD mortality in any sector of the industry in
comparison with local rates in the US study, though a
statistically significant excess was reported for glass wool
workers in comparison with mnational rates. In the European



study, there were no excesses of NMRD mortality. The mortality
rates were not related either to time since first exposure or to
duration or intemnsity of exposure.

There has not been any evidence, in studies conducted to
date, that pleural or peritoneal mesotheliomas are associated
with occupational exposure to MMMF.

An excess of mortality due to lung cancer has been observed
in the large epidemiological studies on rock wool/slag wool
production workers conducted in Europe and the USA, but not in
studies on glass wool or continuous filament workers. The
excess of lung cancer mortality and/or incidence in the rock
wool/slag wool production industry was apparent when either
local or mnational rates were wused for comparisen (both
statistically significant in the US study and not statistically
significant in the European study). There was a relationship
(not statistically significant) with time from first exposure,
in the European study, but net in the U8 study. No
relationships with duration of employment or estimated
cumulative exposure to fibres were observed. In the European
study, a statistically significant excess of lung cancer was
found in workers in the "early technolegical phase", during
which airborne fibre levels were estimated to have been higher
than in later production phases. A statistically significant
increase in lung cancer mortality in the European study, 20
years after first exposure, appeared to be associated with the
use of slag, but there was a large overlap between the use of
slag and the early technological phase. Neither the wuse of
bitumen and pitch nor the presence of asbestos in some products
accounted for the observed lung cancer excess, In the European
study, there was no excess lung cancer mortality in rock
wool/slag wool production workers employed in the "late
technological phase", when concentrations of fibres were thought
to be lower after the full introduction of dust suppressing
agents,

For glass wool production workers, there were no excesses of
lung cancer mortality compared with local rates in either the
large European or US cohorts, but there were statistically
significant increases compared with national rates. In both
investigations, mortality from respiratory cancer showed an
increase with time from first exposure that was not statist-
ically significant. However, it was not related to duration of
employment or estimated cumulative fibre exposure in the US
study, or to different technological phases in the European
study. The SMR for respiratory cancer, in workers who had been
exposed in the manufacture of small diameter (< 3 pm) glass
wool fibres in the US cohort, was eilevated compared with that in
those who had never been exposed in this production sector. The
excess in these workers was related to time from first exposure,
but neither the overall increase nor the time trends were



statistically significant. A statistically significant large
excess of lung cancer, observed in a smaller Canadian cohort of
glass wool production workers, was not related to time since
first exposure or duration of employment.

There has not been an increase in lung cancer mortality or
incidence in continuous filament production workers in studies
conducted to date.

There have been some suggestions of excesses of cancer at
sites other than the lung (e.g., pharynx and buccal cavity,
larynx, and bladder) in studies on MMMF production workers.
However, in most cases, excesses of cancer of these sites, which
were not observed consistently, were small, and were not related
to the time since first exposure or duration of employment.
Moreover, confounding factors in the etiology of some of the
cancers {e.g., alcohol consumption} have not been taken into
account in studies conducted to date.

No epidemiological data are available on cancer mortality or
incidence in refractory fibre workers.

There have been isolated case reports of respiratory
symptoms and dermatitis associated with exposure to MMMF in the
home and office environments. However, available epidemiological
data are insufficient to draw conclusions in this regard.

1.8 Evaluation of Human Health Risks

1.8.1 Occupationally exposed populations

Data available are insufficient to derive an exposure-
response relationship for dermatitis and eye irritation in
workers exposed to MMMF. In addition, although there has been
some evidence of mnon-neoplastic respiratory effects in MMMF-
exposed workers, no consistent pattern has emerged and it is not
possible, therefore, to draw conclusions concerning the nature
and extent of the hazard in this repgard.

Although there is no evidence that pleural or peritoneal
mesotheliomas have been associated with occupational exposure iIn
the production of various MMMF, there have been indications of
increases in lung cancer from the principal epidemiological
studies, mainly in workers in the rock wool/slag wool sector
employed in an early production phase. Although it is possible
that other factors may have contributed to this excess, possible
contaminants and potential confounding factors examined to date
have mnot explained the excess lung cancer rate. Moreover,
available data are consistent with the hypothesis that it is the
airborne fibre concentrations that are the most important
determinant of lung cancer risk.

In general, airborne MMMF fibre concentrations present in
work-places with modern control technology are low. However,
mean elevated levels within the same order as those estimated to



have been present in the early production phase have been
measured in several segments of the production and application
industry (e.g., ceramic fibre and small diameter glass wool
production and spraying of insulation wool in confined places).
The lung cancer risk for the small number of workers employed in
these sectors could potentially be elevated if protective
equipment is not used.

1.8.2 General population

On the basis of available data, it is not pessible to
estimate quantitatively the risks assoclated with exposure of
the general population to MMMF in the enviromment. However,
levels of MMMF in the typical general and indoor enviromments
measured to date are much lower (by some orders of magnitude)
than some occupational exposures in the past associated with
raised lung cancer risks. Thus, the overall picture indicates
that the possible risk for the general population is very low,
if there is any at all, and should not be a cause for any
concern if current low exposures continue.
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2. IDENTITY, PHYSICAIL AND CHEMICAL PROPERTIES, ANALYTICAL
METHODS

2.1 Identity, Terminolegy, Physical and Chemical Properties

The man-made mineral fibres (MMMF), discussed in this
document, will be restricted largely to a subset known as man-
made vitreous fibres (MMVF), which are fibres manufactured from
glass, mnatural rock, or other minerals, They are classified
according to their source material. Slag wool, rock woel, and
glass wool or filaments are produced from slag, natural rock,
and glass, respectively (Ottery et al., 1984). Refractory
fibres, including ceramic fibres, which are also discussed in
this report, comprise a large group of amorphous or partially
crystalline synthetic mineral fibres that are highly refractory.
They are produced from kaclin clay or the oxides of alumina,
silicon, or other metals, or, less commonly, from non-oxide
materials, such as silicon carbide, silicon nitride, or boron
nitride.

In North America, slag wool and rock wool are often referred
to as "mineral wool"; in Europe and Asia, the term "mineral
wool" also includes glass wool. A "wool" is an entangled mass
of fibres in contrast to the more ordered fibres in continuous
filament (textile) glass.

While naturally occurring fibres are crystalline in
structure, most man-made mineral fibres are amorphous
silicates.® The amorphous networks of MMMF are composed of
oxides of silica, boron, and aluminium, oxides of the alkaline
earth and alkali metals, oxides of bivalent iron and manganese,
or amphoteric oxides (e.g., Alp03, Fep03) (Klingholz, 1977).
The chemical compositions of various types of MMMF are presented
in Fig. 1 and Tables 1 and 2. Common trade names are given in
Table 3 and codes for fibres commonly used in studies of
biological effects are included in Table 4. The terminology
currently used is not consistent or well defined. Categories
and materials are mnamed with reference to use, structure, raw
material, or process. The distinctions are not always clear,
and categories may overlap.

MMMF products usually contain a binder and an oil for dust
suppression. Textile fibre may contain a sizing agent for
lubrication. Some special fibres contain a surfactant for
improving dispersion. MMMF may be produced with only an oil as
a dust suppressant. Special purpose fibres may be produced

2  Most ceramic (aluminosilicate) fibres have an amorphous
structure when they are produced, but some conversion to
crystalline material (cristobalite, mullite) can occur at
high temperature (> 1000 °C) (Vine et al., 1983; Cantner,
1986; Khorami et al., 1986; Stribel et al,, 1986).

——
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Fig. 1. Chemical composition of man-made mineral fibres. Modified from:

Klingholz (1977),

Table 1. Examples of the composition of continuous glass filament, glass
wool, rock wool, and slag wool (% by welght)

Component Continuous Glass woolb Rock wool€ Slag wool€
glass filament®

3109 52 - 56 63 47 - 53 40 - 45

Ca0 16 - 25 7 16 - 30 10 - 38

AlgQ03 12 - 16 (+Fep03) 6 6 - 13 11,5 - 13.5

By03 8 - 13 [} -

MgO 0 -6 3 -

Na0 ¢ -3 14 2.3 -2,5 1.4 - 2.5

K70 0 -3 1 1-1.6 0.3 - 1.4

Ti0g 0 - 0.4 . 0.5 1.5 0.4 - 2

FeqO3 0.05 - 0.4 - 0.5 - 1.5 8.2

e F2 - 0.7 - -

2 From: Klinghelz (1977),
From: Mohr & Rowe (1978).
€ From: IARC (in press),
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Table 2. Composicion of some commercial ceramic fibresd
(% by weight)

Component Fiber- Fiber- Fiber- Fiber- Alumina Zirconia Fireline JextelR

fraxR  fraxR maxT™ frax bulk bulk  ceramic ceramic
bulk long bulk  HsA (SAFFILR) fibre 312
staple

AlaDs 49,2 b4 72 43.4 95 - 95-97.25 62
810y 50.5 51 27 53.9 5 < 0.3 95-87.25 24
Zros - 5 0 0 ¢ 42 - -
Fe,01 0.05 a 0,02 0.8 . - 0.97-0.53 -
Ti0g 0.02 0 0.001 1.6 - - 1.27-0.70 -
K30 0.03 - . 0.1 . - - -
Nas0 0.20 - 0.10 0.1 - - 0.15-0.08 -
Ca0 - - 0.065 - - - 0.07-0.04 -
Mg - - 0.05 - - trace -
Y204 - - - - 8 - -
Bodg - - - - - - 0.06-0.03% 14
Leachable < 10 < 1¢ 11 < 10 - - - -
chlorides ppm Ppm pPpm ppm
Organics - - - - - - 2.47-1.36 -

From; IARC (in press).

without any additives (Hill, 1977). Seome chemicals used in
binders are presented in Table 5.

Unlike some natural fibres, MMMF do not split longitudinally
into fibrils of smaller diameter, though they may break
transversely into shorter fragments. Consequently, the
diameters of fibres to which workers may be exposed will depend
on the diameter as manufactured, but the length of such fibres
will vary according to the extent to which they have been broken
subsequently (HSC, 1979).

A particle of any shape, density, and size has a defined
settling speed in air. The diameter of a sphere with density
1 g/cm3 and having the same settling speed as the particle in
question will be its aerodynamic diameter (Dge). For MMMF, the
Daye is roughly 3 times the geometric diameter, with only a small
dependence on fibre length.

2.2 Production Methods

2.2.1 General

The methods of production of various MMMF are presented in
Fig. 2. Man-made mineral fibres are produced from a liquid melt
of the starting material (e.g., slag, natural rock, glass,
clays) at temperatures of 1000 - 1500 °C. Three basic
fiberizing methods, which vary from plant to plant and which
have changed with technological advances, are used: mechanical
drawing, blowing with hot gases, and centrifuging. Combinations

—,



Table 3. Synonyms and trade names of MMMF products?

Term/Name Category Remarks
TEL GW
Fibreglass insulation GW FiberglasR is a trade name
Boron silicate glass GW Most glass wools are of boro-
fibre silicate cype
Saint Gebain GW Major insulation producer
(TEL process)
GF/D Whatman filter GF Filters made from glass fibres
GF/C microfilter GF Filters made from glass fibres
Rock wool RW RockwoolR is a trade name
Pyrex glass fibres GF PyrexR is a glass with high chemical
resistance
Basalt wool RW
Mineral weel
Man-made mineral Slag or rock wool (USA)
insulation fibres Glass, slag, or rock woel (Europe)
Insulation wool
Refractory fibres CF
Fibrous ceramic aluminium CF
silicate glass
saffilR alumina oxide (4% silica)?
Fiberfrax® CF
Ceramic wool CF
Owens-Corning BetaR GF
Caleium silicate CF
Caleium-alumine-silicate CF
Refractory ceramic fibre CcF
Alumina and zirecuia fibre CF
Zirconia CF
Fireline ceramic CF
NextelR ceramic fibre Cr
Fibermak It

[N

Only synonyms and trade names used in this document are listed.
Microcrystalline.

GW = plass wool.

GF = glass fibre other than wool.
RW = rock wool.

SW = slag wool.

CF = ceramic fibre.

of these methods (e.g., drawing/blowing, blowing/blowing,

centrifuging/blowing) are sometimes used (Klingholz, 1977).
MMMF are manufactured to nominal diameters® and fall into

four broad groups (Fig. 2):. continuous filaments, insulation

The nominal diameter is the median length-weighted diameter.
All fibres in the sample are joined together in order of
increasing diameter; the diameter halfway along this long
fibre is then the nominal diameter.



Table 4. Codes for Manville glass fibres mentioned in this doecument?®

Designation Range of nominal Glass typeb
diameters {(um)

Code: JHM 80 .24 - 28 475
JM 100 .28 - .38 475
JM 102 L35 - A2 475
JM 104 .43 - .53 475, E
JM 106 .54 - .68 475, E
JM 110 1.9 -3 475

4  Current data. Specifications have changed over time.

475: General purpose beorosilicate.
E: Electrical grade, alkali-free borosilicate,

o

Table 5. Chemicals used in binders for MMMFZ

Phenol formaldehyde resin
Urea formaldehyde resin
Melamine formaldehvde resin
Polyvinyl acetate
Vinsol resin
Urea
Silicones
Dyes
Ammonium sulfare
Ammonium hydroxide
Starch
Carbon pigment
Epoxy resins
Pseudo-epoxy resins
Bitumens

& From: Hill (1977) and WHO (1983a).

wools, refractory fibres, and special purpose fibres (Hill,
1977, Ottery et al., 1984), Continuous filaments, used In tex-
tiles and for reinforcing plastics, are produced by the drawing
process and individual fibre diameters (6 - 15 pm) are closely
distributed around the median value. Few are respirable. The
nominal diameter of insulation wools, which are produced largely
by centrifuging or blowing or a combination of both, is about &
or 5 pum.? The production method gives a much wider distribu-

2  Some glass fibre insulation wool with a nominal fibre dia-

meter of about 2 um is now being produced in North
America.
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MAN-MADE MINERAL FIBRES

- B

CONTINUOUS INSULATION REFRACTORY  SPECIAL PURPOSE
FILAMENT WCOoL FIBRES FIBRES
1} Glass 1) Glass wool 1} Ceramic 1) Glass microfibres
2) Rock woal 2) Others
3) Stag wool
NOMINAL
( : K . .
FIBRE al) §-15 pm 2-9 pm 1.2:3 um 0.1-3 um
DIAMETERS
Drawn Centrifuged Blown Flame attenuated
Centrifuged/Blown Crawn/Blown

METHOD OF MANUFACTURE

{a) approximate range of mean diameters

Fig. 2. Classification, metheds of manufacture, and nominal diameters of
MMMF. Modified from: Head & Wagg (1980).

—— tion around the nominal diameter, with a high proportion of

respirable fibres. For special applications, such as hearing
protection, the nominal diameter may be as low as 1 - 2 um.
Special fibres, which account for only about 1% of world
production, are used in special applications, such as high-
efficiency filter papers (Hill, 1977) and insulation for
aircraft and space vehicles (Kilburn, 1982). The diameters of
the majority of these fibres are less than 1 um. Continuous
filaments and special purpose submicron-range fibres are made
exclusively from glass, whereas insulation wools can also be
manufactured from rock or slag.

Available data on the physical and chemical properties of
some MMMF are presented in Table 6. The chemical composition cf
the various MMMF determines their chemical resistance (the sum
of the acidic oxides divided by the sum of the amphoteric and
basic oxides measured in molar units). Typical values are
0.50 - 0.65 for slag wool, 0.80 - 1.10 for rock wool, and
1.55 - 2.50 for glass wool (Klingholz, 1977). The solubility of
MMMF in agueous and physiological solutions varies considerably,
according to their chemical composition and fibre size
distribution. Solubility increases with increasing alkali
content for a givem composition of other elements, and fine
fibres degrade more rapidly than coarse ones in vitro (Spurny et
al., 1983). Thermal conductivity is mainly a function of fibre
diameter and bulk density, with finer fibres having a lower
thermal conductivity.

WHO 871457
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2.2.2 Historical

Production conditions in early mineral wool plants were
usually very primitive, particularly those operating before
1950. Many different raw materials were used, especially in the
slag wool industry. In addition to foundry and steel slags,
chrome, lead, and copper slags were also used. The glass wool
industry, being based on an already existing raw material and
melting technology, was technologically more advanced and stable
(Ohberg, in press).

The production environment during these early operations was
poorly controlled and could occasionally be heavily polluted.

Some plants started in a batch operation mode and operated
this way for a period that varied between plants. Subsequently,
production methods changed to continuous operating procedures
(Cherrie & Dodgson, 1986; Ohberg, in press). 0il was not usually
used as a dust suppressant during these early operations.

In a historical environmental investigation (Cherrie &
Dodgson, 1986), conducted as part of the large European
epidemiological study (Simonato et al., 1986a, in press), the
absence of oil and or the use of batch production was defined as
the early technological phase. The introduction of dust-
suppressing agents and implementation of continuous production
procedures constituted the late phase. Between the early and
late phases, In most production facilities, there was a
transition period called the intermediate phase.

Methods of product manufacture and manipulation were
principally manual, the products were very simple, and
production rates were low in the early phase. Later, the
diversity and complexity of the products increased as well as
the production rate. The degree of mechanization was also
increased (i.e., introduction of saws, cutters, conveyors,
etc.), with a corresponding gradual reduction of manual handling
(Cherrie et al., in press; Dodgson et al., in press; Ohberg, in
press).

2.3 Analytical Methods
2.3.1 Air

The methods currently used for the collection, quancifica-
tion, and identification of airborne fibrous particulates in the
occupational and general environments are summarized in
Table 7. The detection limits shown in Table 7 are optimal
values. Rather higher detection limits are achieved in routine
practice; namely, 0.25 um for PCOM, 0.05 pum for SEM, and
0.005 um for TEM.

For MWMMF, analyses have been restricted largely to the
measurement of total airborne mass concentration or, more
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recently, to the determination of airborne fibre number
concentrations by phase contrast optical microscopy (PCOM). The
method for sampling persenal exposure levels involves drawing a
measured volume of air through a filter mounted in a holder that
is located in the breathing zone of the subject. Static
sampling methods are not recommended for measuring personal
exposures. When measuring mass concentrations of MMMF, either
cellulose ester membrane or glass fibre filters can be used.
The filters are stabilized in air and weighed against contrel
filters, both before and after sampling, to permit correction of
weight changes caused by varying humidity. Only cellulose ester
filters are used for assessing fibre number concentrations. In
this case, the filter is made optically transparent with one of
several clearing agents (e.g., triacetin, acetone, ot ethylene
glycol monomethyl ether) and the fibres present within random
areas are counted and classified using PCOM. For this purpose,
a fibre is defined as a particle having a length to diameter
ratio (aspect ratio) > 3 and a length > 5 um. Respirable
fibres are those with diameters <€ 3 um. Fibres with diameters
exceeding 3 pm are termed non-respirable fibres.

Sampling strategies should be well-designed, based on
careful consideration of "how", "where", "when", and "for how
long” to sample, as well as "how many samples" to collect to
ensure that the results are comparable. Sampling strategies
will wvary depending on the reason for sampling, e.g.
epidemiolopy, dust control, etc. Sampling strategy has been
discussed in the literature (NIOSH, 1977; Valic, 1983; WHO,
1984) .

Although the basic methods for the determination of total
airborne mass and fibre number concentrations in most countries
are similar, differences in the sampling procedure, the filter
size and type, the clearing agent, and the microscope used, and,
particularly, statistical and subjective errors in counting,
contribute to variations in results. In order that results from
different countries should be more comparable, a reference
method for monitoring MMMF at the work-place based on FPCOM was
proposed by WHO in 1981 and has been widely used in a slightly
modified form (WHO, 1985) since that time. The results of
recent slide exchanges among participating laboratories have
shown a maximum systematic counting difference of about 1.8
times for this method (Crawford et al., in press).

Rendall & Schoeman (1985) reported that the contrast of the
phase image for the counting of glass fibres was improved by the
low-temperature ashing of the membrane filter attached to glass
slides by acetone vapours followed by microscopic examination
using simple Kéhler illumination. Automatic counting methods
are currently being developed and may in future provide greater
consistency in results (Burdett et al., 1984),
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The improved resolution of electron microscopy and the
identification capacity, particularly of the analytical
transmission electron microscope (TEM with selected area
electron diffraction (SAED) and energy dispersive X-ray analysis
(EDXA)), make these methods more suitable for analysis of fibres
in the general environment, where MMMF may constitute only a
small fraction of the airborne fibrous material. However, to
date, use of these methods for the determination of MMMF has
been restricted largely to the characterization of fibre sizes
airborne in the occupational environment.

In analysing by SEM, the fibres collected on polycarbonate
filters can be directly examined. This avoids the need to use
transfer techniques that may affect the fibre size distribution.
WHC has developed a reference methed for SEM, principally to
characterize fibre size (WHO, 1985). Using the same sampling
method as for the PCOM method, samples are collected on a
polycarbonate (Nuclepore) or PVC-copolymer membrane filter
{(Gelman DM 800) and observed at a magnification of 5000 times,
Fibre lengths and diameters are measured from optically enlarped
images of photomicrographs.

In the past, methods of sample preparation for TEM have
varied considerably, making comparison of wvalues obtalned by
different investigators difficult. At present, direct transfer
preparation techniques involving carbon coating of particles on
the surface of a polycarbonate or membrane filter and indirect
sample preparation methods, in which attempts have been made to
retain the fibre size distribution, are the most widely accepted
for analysis of fibres in air and water (Toft & Meek, 1986).

The size distribution of “superfine" MMMF has been
successfully measured by a direct transfer sampling method on a
membrane filter, subsequent analysis by analytical TEM, and
fibre measurement by an image analysisz system (Rood & Streeter,
1985)., On the basis of their results, the authors concluded
that a substantial proportion of the fibres would not have been
detected by PCOM or SEM, even fibres longer than 5 um,

2.3.2 Biological materials

Several techniques have been developed for the recovery and
determination of mineral fibres in biological tissues. Fibres
are commonly separated from tissue samples by digestion (e.g.,
by sodium hypochlorite or potassium hydroxide) or ashing (both
low and high temperature) and identified subsequently by light
or electron microscopy. Methods for sampling, analysis, and
identification of mineral fibres iIn lung tissues have been
reviewed recently by Davis et al. (1986).

To date, methods for the sampling and analysis of tissues
for fibrous particles have not been standardized and it is
difficult to compare the results of various investigators.



Moreover, available data indicate that common methods of tissue
separation, such as tissue digestion with sodium hypochlorite or
potassium hydroxide, cause substantial losses of MMMF {Johnson
et al., 1984b). Thus, data on levels of MMMF in biological
tissues should be cautiously interpreted.

A method for the sampling and determination of fibres in the
eyes of workers handling MMMF has been described by Schneider &
Stokholm (1981). Mucous threads and dried mucous, stained with
alcian blue, were removed from the eye, placed on a slide,
ashed in a low-temperature asher, and examined for mnon-
respirable fibre content by optical microscoepy. The authors
reported a good correlation, among 15 samples, between fibre
levels in the eyes and total dust exposure or total non-
respirable fibre exposure. Levels were not correlated with
airborne respirable fibre concentrations.
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3. SOURCES OF HUMAN AND ENVIRONMENTAL EXPOSURE

3.1 Production

Few recent quantitative data are available concerning the
global production of MMMF. As illustrated in Table 8, this
value was reported to be 4.5 million tonnes in 1973 (WHO, 1983a;
Jarvholm, 1984). In 1976, the wvalue of the preduction of MMMF
was estimated to be greater than 1 billion US dellars (Corm,
1979).

Table 8. Estimated world production of MMMF materials in 19734

Area Insulation Textile Tetal
materiais materizls
1000 % 1000 % 1000 %
tonnes tonnes tannes
America
Central/South 120 3 20 2 140 3
Nerth America 1600 43 400 46 2000 43
Australia 30 1 - - - -
Europe
Eastern €00 16 85 10 689 15
Western 1200 32 260 30 1460 32
Japan 200 5 100 12 300 7
World 3750 100 865 100 4585 100

2 prom: WHO (1983a).

It has been estimated that, in 1985, total world production
of MMMF was between 6 and 6.5 million tonnes, of which
insulation wools accounted for approximately 5 million tonnes
and textile grades for 1 - 1.5 million tonnes (EURIMA, 1987)<.

Estimated annual production of fibrous glass in the USA in
the late 1970s was 370 000 tonnes for textile fibres and
1 200 000 tonnes for glass wool. Total annual production in the
USA has been estimated to be 200 000 tonnes for mineral wool
(slag and rock wool) and 21 Q00 tonnes for ceramic fibre (NRC,
1984). In the United Kingdom, production of wool materials rose
from 3500 tonnes in 1937 to 130 000 tonnes in 1977 (WHO, 1983a).

2 Information provided by the European Insulation Manufac-

turers Association, Luxembourg.
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The main uses of MMMF are presented in Fig. 3. Fibrous
glass accounts for approximately B80% of MMMF production in the
USA, with 80% of this being wool fibres used mainly in thermal
or acoustic insulation (Kirk-Othmer, 1980). TInsulation wools
are wusually compressed 1into "bats", "boards", "blankets",
"sheets" etc. or bagged as loose woel for blowing or pouring
into structural spaces. Some products are sewn or glued on to
asphalt paper, aluminium foil, etc. Textile grades, which
account for 5 - 10% (or greater) of all fibrous glass, are used
extengsively in reinforcing resinous materials (e.g., automobile
bodies or boat hulls), paper and rubber products, in textiles,
such as draperies, and in electrical insulation and cording.
Less than 1% of the production of glass fibre is in the form of
fine fibres (fibre diameters <« 1 pm), which are wused in
specialty applications such as high efficiency filter papers and
ingulation for aircraft and space vehicles.

Reinforcement of cement and resinous
materials, paper and rubber products,
textiles (eg, curtains, industrial fabrics),
and electrical insulation

~ Continuous filament ————————

Thermal and acoustic insulation
{domestic and industrial}

rGIass, roeck and slag woo! Acoustic ceiling tiles or panels

Ventilation and air-conditioning ducts

High-temperature insulation {furnaces),

- Refractory fibres »—————— expansion joint stuffing

High-performance insulation
{particularly in the aircraft industry),
high-performance acoustic protection
and high-efficiency filtration

L Special purpose fihres ——————

Fig, 3. Uses of MMMF. Prepared on the basis of information included Iin:
Kirk-Othmer (1980), TIMA (1982), WHO (1983a), and NRC (1984).

Rock wool and slag wool, which account for approximately
10 - 15% of MMMF production in the USA, are used mainly as
acoustic or thermal insulation for iIndustrial buildings or
processes., In Europe, where the production volumes of glass

WHO 871450
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wool and rock wool are similar, rock wool and slag wool are also
used extensively for domestic insulatiom.

Ceramic fibres (1 - 2% of all MMMF) are used mainly for
high-temperature insulation, e.g., thermal blankets for
industrial furnaces. Smaller gquantities are used for expansion
joint filling.

3.3 Emissions into the Environment

Data on emissions of MMMF from manufacturing facilities are
limited. Fibre levels in emissions from fibrous glass and
mineral wool plants in the Federal Republic of Germany
determined by SEM, were of the order of 10-2 fibres/cm3
(Tiesler, 1982). On the basis of these data, it was estimated
that the total fibrous dust emissions from MMMF plants in this
country were about 1.8 tomnes/year. Emissions of respirable
fibres (defined by the investigators as fibres with lengths
exceeding 10 pm and diameters of less than 1 um) were
estimated to be B0 kg/year.

It seems likely that the main source of emissions of MMMF
(mainly glass fibres) in indoor air is insulation in public
bujildings or Thomes. Although quantitative data are not
available, emissions are probably highest shortly after

installation or following disturbance of the insulatien (NRC,
1984} .



4. ENVIRONMENTAL TRANSPORT, DISTRIBUTION, AND TRANSFORMATION

The transport, distribution, and transformation of MMMF in
the general environment have not been specifically studied.
However, some general conclusions can be drawn, on the basis of
the physical and chemical properties of MMMF and information
concerning the behaviour of mnatural mineral fibres in the
ambient air and water,

Mineral fibres with small diameters are most likely to
remain airborne for long periods. Marconi et al. (in press) and
Riediger (1984) reported that, during operations involving the
use of mineral wool products, there is a general trend for
airborne fibres to become shorter and thinner with increasing
distance from working areas. For example, during the
installation of rock wool blankets, Marconi et al. (in press)
reported that the respirable fraction of airborne fibres in the
working areas accounts for about 67% of total airborne fibres.
At a distance of about 5 m from the working area, the respirable
fraction is about 90% of the total fibres. This is attributable
to the sedimentation of larger diameter fibres.

The solubility of MMMF in water varies considerably as a
function of their chemical composition and fibre size
distribution (section 2). Solubility increases with increasing
alkali content for a given composition of other elements, and
fibres with fine diameters degrade more rapidly than coarse ones
(Spurny et al., 1983). However, in general, MMMF are more water
soluble than naturally occurring asbestiform minerals and, thus,
most are likely to be less persistent in water supplies.

MMMF can be removed from the environment by breakage into

successively smaller fragments, thus losing their fibre
characteristics, by sedimentation and subsequent burial in
soil, or by thermal destruction (e.g., during incineration of
MMMF-containing waste). Dissolution and deposition and

subsequent burial in sediments are the most likely mechanisms of
removal from water.



- —

5. ENVIRONMENTAL CONCENTRATIONS AND HUMAN EXPOSURE

5.1 Environmental Concentrations

5.1.1 Air
5.1.1.1 Occupational environment
(a) Production

Available data on levels of MMMF in production industries
are presented in Tables 9 and 10. Although in most of the
surveys conducted to date, both mass concentrations of
particulate matter and respirable fibre levels have been
determined, this discussion will be restricted largely to
information on fibre concentrations that appear to be most
relevant for the evaluation of potential health effects.

Comparison of data from various surveys is complicated by
lack of consistency in the classification of wvarious operations
and job categories and by differences in sampling strategy and
fibre counting criteria. For example, a reference method for
the determination of airborne MMMF in the occupational
environment has been introduced only relatively recently {(WHO,
1981, 1983); reassessment using the WHO PCOM reference method of
levels determined previously by interference microscopy resulted
in an increase in reported airborne concentrations in European
insulation plants of approximately two-fold (Cherrie et al.,
1986). However, in spite of the difficulties in comparing data,
some general conclusions concerning airborne fibre size and
concentrations in occupational environments can be drawn. Fibre
levels in plants manufacturing MMMF are substantially lower than
those measured in factories using asbestos., In addition, in
general, the measured median diameter of airborne fibres is
consistently and substantially smaller than the nominal diameter
of the fibres in the product. The median airborne fibre dia-
meters were 4 um, 1.5 um, and 0.2 um for a product of mnominal
fibre diameters of 14 um, 6 pm, and 1 pm, respectively (Esmen
et al,, 197%9a). Esmen et al. (1979a) have shown that there is a
negative correlation (r = -0,96) between the overall process
average exposure levels (fibres/cm3) and the size of the nominal
diameter produced. A similar pattern has been observed by
Cherrie & Dodgson (1986).

The average concentrations measured by PCOM during the manu-
facture of fibrous glass insulation are of the order of
0.03 fibres/cm3‘ Average concentrations in continuous fibre
plants are about one order of magnitude lower and concentrations
in mineral wool (rock and slag) plants in the USA range up to
one order of magnitude higher. Corresponding concentrations in
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European rock wool plants are of the order of 0.1 fibres/cm3.
Under similar plant conditions, airborne fibre concentrations
are about 4 times higher in ceramic fibre production than in US
mineral wool (rock and slag) plants, and average ceramic fibre
concentrations have been reported to range from 0.0082 to 7.6
fibres/cm3 (Esmen et al., 1979b). Average airborne concentra-
tions 1in speciality fine fibre plants range from 1 to
2 fibres/cm3 and concentrations are highest in microfibre
production facilities (1 - 50 fibres/em3). However, it should
be noted that individual exposure wvaries considerably; for
individuals in the same job classification, concentrations range
over 2 orders of magnitude (Corn, 1979).

Total dust concentrations are typically of the order of
1 mg/m3, irrespective of the fibre type manufactured {excluding
ceramic). Overall averages were 4 - 5 mg/m3 for one rock wool
and one glass wool plant where manufacturing was reported to be
heavy or very heavy (Esmen et al., 1979a). The situation in 13
European plants was similar (Cherrie et al., 1986}). Averages
for 3 US ceramic fibre production plants were 6, 1.6, and
0.85 mg/m3. respectively. Results from a USSR ceramic fibre
plant are comparable {Skomarokhin, 1983).

With respect to the relaticnship between fibre and mass
concentrations, Ottery et al. (1984) summarized their observa-
tions as follows:

"Where fibre and mass concentrations were compared on a
plant-average basis a broad correlation was observed (in
general, those plants which are "dusty" are alsc the ones with
higher airborne fibre concentrations). However, this relation
was not consistent between different occupational groups, nor
wvas there any detectable correlation when mass and fibre
concentrations were considered on an individual basis.”

This is generally consistent with the observations of other
investigators (Esmen et al., 1978; Head & Wagg, 1980).

(b) User industries

Available data on airborne fibre concentrations associated
with the installation of products containing MMMF are presented
in Table 11. Airborne concentrations during the installation of
insulation wary considerably, depending on the method of
application and the extent of confinement within the work-space,
Concentrations during installation are comparable to, or lower
than, levels found in the production of the fibrous material
(Esmen et al., 1982), with the exception of blowing or spraying
operations conducted in confined spaces, such as during the
insulation of aircraft or attics (Head & Wagg, 1980; Esmen et
al., 1982). In wvarious surveys, mean concentrations during
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the installation of fibrous glass insulation in attics have
ranged up to 1.8 fibres/cm3; mean concentrations during the
application of  mineral wool insulation under similar
circumstances have been as high as 8.2 fibres/cm®. During the
installation of rock wool blankets in wvery confined spaces on
board ships, concentrations have been less than 0.65 fibres/cm3
{Marconi et al., in press)., It should be noted that the time-
weighted average exposure of insulation workers is probably
considerably 1less than these mean concentrations during
application, as insulators work with MMMF materials from < 10 to
100% of their time, depending on their employment and the type
of construction site (Fowler et al., 1971). The majority of
joiners and carpenters may use from 0.5 te 15% of their working
hours on MMMF work {Schneider, 1984). On the basis of estimates
made by Esmen et al. (1982), time-weighted average exposures may
exceed 1 fibres/cm’ only for workers 1insulating atties w1th
mineral wool {(TWA = 2 fibres/cm3; range, 0.29 - 6.3 flbres/cm }.
Time-weighted average exposures for workers using fibrous glass
in attics or employed in building insulation were estlmated to
be 0.7 fibres/cm? (range, 0.42 - 1. 2 fibres/cm?) and 0.11
fibres/cm3 (range, 0.08 - 0.2 flbres/cm ), respectively.

Air at construction sites and in certain other industrial
and domestic enviromments may contaln substantial amounts of
non-fibrous dust. The gravimetric concentration of fibres in
total dust samples has been determined by optical microscopy for
a range of user industries (Schnelider, 1979). The ratio weight
of all fibres of all sizes in total dust samples/weight of total
dust had a geometric mean of 0.l4, with 90% between 0.06 and
0.33.

Howie et al. (l986) recently investigated fibre release from
filtering facepiece respirators containing "superfine®™ MMMF.
These respirators are often used for the protection of workers
in dusty occupational environments, Following the wuse of
several different types of these respirators for either 15 or
40 min, downstream respirable flbre concentrations ranged from
not detectable (< 0.1 f1bres/cm )y to 200 flbres/cm3 using the
WHO reference PCOM method of monitoring.

5.1.1.2 Ambient air

Few data are available concerning concentrations of MMMF
present in the general enviromment. The fibrous glass content
of several samples of outdoor air was determined in a study by
Balzer et al. (1971), which was designed principally to
investigate the possible erosion of fibres from air transmission
systems 1lined by fibrous glass. Mean concentrations on the
rooftops of 3 buildings on the University of California’s
Berkeley Campus, determlned by PCOM and petrographic microscopy
were about 2.7 x 1074 fibres/cm (range, < 5 x 1072 - 1.2 x 10° 3
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fibres/cm3). Levels at other sites averaged 4.5 =x 10-3
fibres/cmB, the lowest levels being 4 x 10-4 fibres/cm3. Fibres
other than MMMF may have been included in the results of these
analyses.

Balzer (1976) reported the results of a further study in
which MMMF levels were determined by light and electron
microscopy in 36 samples of ambient air from various locations
in California (Berkeley, San Jose, Sacramento, the Sierra
Mountains, and Los Angeles). Fibre counts were determined by
combining the light microscopic count of fibres greater
than 2.5 pwm in diameter and the electron microscopic count of
fibres less than, or equal to, 2.5 pm in diameter. Levels of
glass fibres averaged 2.6 x 10-3 fibres/cm3 and accounted for
approximately 1/3 of the total fibrous material in the samples.
However, the significance of these results is uncertain, since
the methods of sampling and analysis and the results were not
well described in the published account of this study.

Mean airborne glass fibre concentrations measured by analy-
tical TEM ranged from 4 x 10-5 fibres/em3 at 1 rural location to
1.7 x 1073 fibres/cm3 in 1 out of 3 cities in the Federal
Republic of Germany (1981-82; 9 - 21 samples at each location) .
These levels were 3 - 40% of th. asbestos concentrations; median
diameters of the glass fibres ranged from 0.25 pm to 0.8% um
and median lengths from 2.54 to 3.64 um (HShr, 1985).

5.1.1.3 Indoor air

On the basis of analysis using PCOM (Balzer et al., 1971;
Esmen et al., 1980) and calculation of the "glass" content of
collected particulate (Cholak & Schafer, 1971), it has generally
been concluded that the contribution of fibrous-glass-lined air
transmission systems to the fibre content of indoor air is
insignificant. Using very conservative assumptions, Esmen et
al. (1980) estimated that the level of fibres in occupied
spaces is of the order of 0.001 fibres/cm3 during the first day
of operation of air transmission systems with medium grade
fibrous glass filters and essentially the same as ambient levels
during the remaining filter life.

Generally, concentrations of MMMF in indoor air are 100 -
1000 times less than those in the occupational environment.
Several studies in which airborne fibre levels in indoor air
were measured by PCOM with polarization equipment have been
carried out in Denmark (Table 12). Although fibres other than
MMMF may have been included in these analyses, birefringent
fibres {(mostly organic) were counted separately. Typical
levels, as well as total dust concentrations measured in one of
the studies (Nielsen, 1987), are shown in Table 13.
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Table 13. Average concentrations of tetal dust and fibres other than MMMF
in indoor environments (static samples)?

Site Number of Total dust Organic and other bire-
measurements {mg/m>}) fringent fibres
(fibres/em3)
Day-care 49 Q.26 0.25
centres
Schools 11 0.16 0.064
Offices 39 0.13 0.025

a From: Nielsen (1987).

5.1.2 Water supplies

Data on the MMMF content of water supplies are not
available. However, glass fibres have been identified by
optical microscopy in samples of sewage sludge from 5 cities in
the USA (Bishop et al., 1%585).

5.2 Historical Exposure Levels

In an analysis of the data from the large European epidemio-
logical study referred to previously, the production histery of
each factory was <classified 1nto the following 2 distinet
technological phases: (a) an early phase during which a batch
production system was In wuse and/or no oil added during
production; and (b} a late phase during which moedern production
techniques were used and oil was added. A third phase, inter-
mediate between the early and late phases, was also identified
at some plants where a mixture of production types or techniques
operated.

The airborne fibre levels in the early technological phase
in the slag wool/rock wool industry were probably substantially
higher than in the late phase, the corresponding levels in the
intermediate phase being between these two levels (Cherrie &
Dodgson, 1986). However, the pattern in the glass wool plants
was somewhat different.

The basis of these differences rests primarily with changes
over time in the nominal fibre diameters of the MMMF being
produced, and the addition of oil. In the early period in the
slag wool/rock weol industry, the lack of o0il and fibres of
relatively fine nominal diameter (3 - 6 gm) contributed to
higher airborne fibre levels. On the other hand, in the glass
wool production industry, it 1is likely that there was little



change in airborne fibre levels between the early and late
phases. In the early phase, o0il was not added during productien,
and the nominal diameter of the fibres produced was relatively
large (10 - 25 um). In the late phase, oil was added during
production, and the nominal diameter of the fibres produced was
smaller (5 - 7 pm). The effects of changes in other factors
including wventilation and production rates were judged to be
less.

Combined experimental and modeliling preocedures have been
used to estimate past exposure levels in the European MMMF
plants (Dodgson et al., in press). The model is still being
develeped and should be considered to be preliminary (Cherrie et
al., in press). It indicates that mean airborne fibre
concentrations for rock wool plants could have been about 1 -
2 fibres/cm3, during the early technological phase, with levels
of about 10 f:i.bres/t:m3 for the dustiest work. Current exposure
levels are at least one order of magnitude lower. Corresponding
estimates indicate that the mean airborne fibre levels for the
glass wool plants during the early technelogical phase were
little different £from current concentrations (about 0.1
fibres/cm3 or less).

The wvalidity of the model has been investigated in an
experimental simulation of rock weool production in the early
phase (Cherrie et al., in press). The effects of added oil on
the airborne fibre levels during experimental production were
assessed together with the effects of workers handling batches
of material. Addition of o0il resulted in a 3- to %-fold
reduction in the airborne fibre levels in different situations,
The time-weighted average concentrations were 1.5 fibres/em3
with oil added and about 5 fibres/cm3 without o0il. These wvalues
agreed reasonably well with the predictions from the model.
There was no substantial difference in fibre concentrations
between batch and continuous operation. However, it is possible
that the batch handling was not well simulated.

5.3 Exposure to Other Substances

Polyaromatic hydrocarbons (PAHs) and other combustion
products were present in the working environment, particularly
in the early technological phase of the slag wool/rock wool
industry in Europe, where cupolas were used exXtensively. In one
plant, the use of an olivin, potentially contaminated with a
natural mineral fibre with a composition similar te tremolite
was reported (Cherry & Dodgson, 1%86). The probable average
exposure in the pre-production area was estimated to be 0.1
f_ibres/cm3. The European slag wool plants used copper slags,
possibly liberating arsemnic compounds inte the working
environment.

In MMMF plants in the USA, other airborne contaminants have
been measured in areas not necessarily representative of

-



occupational exposure or in breathing zones (IARC, in press).
The results, obtained periodically over the years 1962-87, are
shown in Table 1l4. It was emphasized that these measurements
only verify the presence of other contaminantsg in the plants and
cannot be used to estimate the degree of exposure.

Table 1l4. Exposure to other airborne contaminants in MMMF plants in che

uUsad
Contaminant Range of concentrations
Asbestos 0.02 - 7.5 fibres/em?
Arsenic 0.02 - 0.68 pg/md
Chromium (insaluble) 0.0006 - 0.0358 mg/m?
Benzene-soluble organics 0.012 - 0.032 mggmB
Formaldehyde 0.06 - 20.4 mg/m
Silica (respirable) 0.004 - 0.71 mg/m3
Cristobalite {respirable) 0.1 - 0.25% mg/m3

& From: IARGC (in press).



6. DEPOSITION, CLEARANCE, RETENTION, DURABILITYZ, AND
TRANSLOGATION

6.1 Studies on Experimental Animals

Because of the tendency of fibres to align parallel to the
direction of airflow, the deposition of fibrous particles in the
respiratory tract is largely a function of fibre diameter,
length and aspect ratio being of secondary importance.

Since most of the data on deposition of wvarious MMMF have
been obtained in studies on rodents, it is important to consider
differences between rats and man in this regard. Comparative
differences between rat and man can best be evaluated using the
aerodynamic equivalent of fibres. The ratio of the absolute
diameter to aderodynamic diameter is approximately 1:3. Thus, a
fibre measured microscopically to have a diameter of 1 um would
have a «corresponding aerodynamic diameter of approximately
3 pm. In addition, any curvature of the fibres may have the
effect of increasing the effective aerodynamic diameter,

A comparative review of the regional deposition of particles
in man and redents (rats and hamsters) has been presented by US
EPA (1980). The relative distribution between the ctracheo-
bronchial, and pulmonary regions of the lung in rodents followed
a pattern similar to human regional deposition during nose
breathing for insoluble particles of less than 3 um mass median
aerodynamic diameter (approximately 1 pgm diameter or less).
Fig. 4 and 5 illustrate these comparative differences. As can
be =een, particularly for pulmonary deposition, the percent
deposition of particles is considerably less in the rodent than
in man. These data indicate that, while particles of 5 pm
aerodynamic diameter or greater may have significant deposition
efficiencies in man, the same particles will have extremely
small deposition efficiencies iIn the rodent. More recent work
by Snipes et al. (1984) indicates that, with particies above
3 wpm aerodynamic diameter, the probability of reaching the
pulmonary region falls off rapidly, and that particles of 9 um
aerodynamic diameter have an extremely small probability of
reaching the pulmonary region in rats and guinea-pigs.

Because of their length, fibres are more likely than spher-
ical particles to be deposited by interception, mainly at bifur-
cations., Available data also indicate that pulmonary penetra-
tion of curly chrysotile fibres is less than that for straight
solid amphibale fibres. However, in studies on rats, in which
the gdeposition of curly versus straight glass fibres was

4  Durability of MMMF in tissues is a function of theilr
physical and chemical characteristics.

—
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examined, the difference was less apparent (Timbrell, 1976).
Clearance from the peripheral respiratory tract is principally a
function of fibre length, with fibres shorter than 13 - 20 um
in length being cleared more efficiently than longer omnes.

The results of available studies concerning the deposition,
clearance, retention, durability, and translocation of MMMF in
animal species are presented in Table 15. As for all fibrous
particles, deposition of MMMF in the respiratory tract Iis
determined principally by fibre diameter. In studies conducted
by Morgan et al. (1980}, alveclar deposition of glass fibres in
rats was much less than that for asbestiform minerals, because
of the larger aerodynamic diameter of MMMF. Deposition of
asbestiform and glass fibres, the aercdynamic diameters of which
ranging from 1 to 6 um), was greatest for fibres with an
aerodynamic diameter of 2 um (Morgan et al., 1980). However,
there was some deposition of glass fibres with aerodynamic dia-
meters of between 3 and 6 ugm. For fibres of constant diameter,
alveclar deposition decreased with increasing fibre length.
Morgan & Holmes (1984b), comparing their results in rats with
those concerning fibre deposition in other species, suggested
that glass fibres with diameters greater than 3.5 pm (aero-
dynamic diameter -10 pm) are unlikely to be respirable in man
by nose breathing (Timbrell, 1965; Morgan et al., 1980; Hammad
et al., 1982; Hammad, 1984). Fibre deposition in wvarious lobes
of the lungs of rats varied over a narrow range (5.34 - 8.38%)
following inhalation of ceramic fibres. Fibre size distributions
in the wvarious lobes, based on analysis by phase contrast
optical microscopy, were not significantly different (Rowhani &
Hammad, 1984). These results are similar to those observed for
glass wool, rock wool, and glass microfibre by Le Bouffant et
al. (in press).

According to Griffis et al. (1981), there is a fairly rapid
decline in the 1lung content of pglass fibres, immediately
following deposition, presumably because of mucociliary
clearance (th in rats -1 day). This is followed by a much
slower phase assumed to represent alveolar clearance (tk% in
rats ~44.3 days) (Friedberg & Ullmer, 1984). Short fibres are
efficiently cleared by alveolar macrophages (Morgan et al.,
1982a; Morgan & Holmes, 1984b; Bernstein et al., 1984); in rats,
more than 80% of glass fibres of less than 5 pm in length were
cleared by one year (t} ~60 days). However, macrophage-mediated

clearance appeared to be ineffective for fibres with lengths of
30 and 60 pm (Morgan & Holmes, 1984b).

The degradation of MMMF in lung tissue consists of reduction
of diameter with time, together with pitting and erosion of the
surface visible on TEM {(Morgan & Holmes, 1986). Observations
for up to 2 years after intratracheal instillation in rats
showed a wide range in the durability of wvarious MMMF (Bellmann
et al., in press). Morgan & Holmes (1986) noted that relatively
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thick MMMF become thinner on dissolution and may assume dimen-
sions that resemble those of the fibrous amphiboles. However,
the in vivo studies in this report, together with the in vitro
observations of Klingholz & Steinkopf (1984), suggest that the
leaching of alkaline ions that accompanies fibre dissclution
results in rapid changes in the nature of the surface of the
fibre, and loss of substance, so that the cell/fibre interface
may be altered. In studies on rats, long glass fibres degraded
more rapidly than short ones (Morgan et al., 1982; Holmes et
al., 1983; Bernstein et al. 1984; Hammad, 1984). It has been
postulated that this may be because the small (short) fibres are
completely engulfed by macrophages and therefore "protected"”
from the extracellular environment, which contains more fluids
and enzymes that might facilitate degradation.

Although ferruginous bodies are not observed in rats exposed
to asbestos or glass fibres, in an early study on gulnea-pigs,
it was demonstrated that glass fibres could be coated in the
lung to form bodies with a fine structure identical to that of
asbestos bodies (Davis et &l., 1970), In hamsters. various
proportions of the fibres in lung tissue greater than 10 um in
length became coated to form ferruginous bodies; the time of
onset of formation decreased with increasing fibre length
(Holmes et al., 1983)., In studies involving exposure for 90
days (0.4 mg glass fibres/litre), by Lee et al. (1981),
ferruginous bodies were first detected in hamsters by the 6th
month following exposure and in guinea-pigs by the 12th month.
The coating of ferruginous bodies appears to be discontinuous
and does not prevent the leaching and fragmentation of Ilong
glass fibres (Morgan & Holmes, 1984b).

Available data also indicate that rock wool may be more
persistent in lung tissue than fibrous glass (Johnsen et al.,
1984a; Morgan & Holmes, 1984a,b). Following intratracheal
instillatien in rats, the diameter of rock wool fibres in the
lung was essentially unchanged after 18 months; however, the
ends of the fibres were perceptibly thinner. The results cf an
additional study on rats indicated that ceramic fibres were more
persistent in lung tissue than rock wocl, even though the mean
diameter of the mineral wool fibres was greater than that of the
ceramic fibres. After 270 days, about 25% of ceramic fibres
were still present in lung tissue compared with 6% of mineral
wool fibres (Hammad, 1984).

Lee et al. (1981) reported that dust particles were present
in the tracheobronchial lymph nodes after 30 days exposure to
0.4 mg glass fibre/litre. Following inhalation of glass wool,
rock wool, or glass microfibre at 5 mg/rn3 for 1 year, fibre
concentrations in the tracheobronchial glands of rats were low
(range of means in males and females, 0.1 - 0.8 g/kg dry
tissue), except for micrefibres (JM 100}, for which mean levels
were 4.8 and 3 g/kg dry tissue, in males and females,



respectively (Le Bouffant et al., 1984) (For comparison, mean
concentrations of glass and rock wool in lung tissue ranged from
0.4 to 2.8 g/kg dry weight; mean levels of microfibre were 5.8 -
12.7 g/kg dry lung tissue). Levels of the wvarious fibre types
in the diaphragm were essentially zero (Le Bouffant et al.,
1984). Generally, levels of fibres in the Ilymph mnodes of
animals exposed for 2 years were higher than those after 1 year
of exposure (Le Bouffant et al., in press). Bernstein et al.
(1984) reported that, following intratracheal instillation of
size-selected glass fibres of diameters of 1.5 um and lengths
of either 5 wmm (short) or 60 gm (long), short fibres were
quickly cleared to the regional lymph nodes, whereas the long
fibres were not. Even 18 months after exposure, there were no
significant quantities of fibres in the Ilymph nodes of the
groups exposed to long fibres, whereas there were many still
present in the animals exposed to short fibres. Spurny et al.
(1983) reported the presence of glass fibres in the spleen of
rats, 2 years after intratracheal implantation. However, few
experimental details were provided, Recovery of fibres from all
organs examined 90 days after intrapleural injection of fibrous
glass (20 mg JM 104) was reported by Monchaux et al. (1982).

6.2 Solubilit Studies

The results of studies on the solubility of MMMF in physio-
logical fluids in vitreo are presented in Table 16. Since it is
impossible to reproduce in vitro the various conditions of pH
and concentrations of complexing agents in the intra- and
extracellular cnviromment of the lung, the results of disso-
lution studies should be interpreted with caution. However, on
the basis of these investigations, it appears that dissolution
is a function not only of the fibre characteristics, such as
chemical composirion and size, but also of the nature of the
leaching solution. In one of these investigations, MMMF were
more soluble than the amphiboles and chrysotile (Spurmny, 1983).
However, there is a wide range in the solubility of the various
MMMF, e.g., 30- to 40-fold in the study of Leineweber (1984).
For example, Leineweber (1984) reported that the stability of
various MMMF in physiological saline was as follows: glass fibre
(1 type) > refractory fibre > mineral wool > glass fibre (3
types). However, in distilled water, the order was significantly
different: refractory fibre > glass fibre (2 types) > mineral
wool > glass fibre (2 types).

Solubility of MMMF is their behaviour in various fluids. In
general, the term is restricted to observations in vitro,
since the persistence of fibres in vive is a function of
several factors including solubility.
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On the basis of available data, it appears that there is a
correlation between solubility in physiclogical solution and the
alkaline content of MMMF (Klingholz & Steinkopf, 1984;
Leineweber, 1984) and that fibres of fine diameter degrade more
rapidly than coarse ones (Spurny et al., 1983, Forster, 1984).



7. EFFECTS ON EXPERIMENTAL ANIMALS AND IN VITRO TEST SYSTEMS

There are several factors that should be considered when
evaluating experimental data on the biological effects of MMMF,
Most importantly, MMMF should not be considered as a single
entity, except in a very general way. There are substantial
differenges in the physical and chemical properties (e.g., fibre
lengths and chemical composition) of the fibres, even within
each of the broad classes of MMMF (continuous filaments,
insulation wools, refractory fibres, and special purpose
fibres), and it is expected that these would be reflected in
their biological responses. Finally, the fibres used for
specific research protocols may be altered to fit the needs of
the study, and the results may not necessarily represent the
true biological potential of the parent material, Therefore,
the potential "toxicity"™ of each fibrous material must be
evaluated individually.

Notwithstanding the above comments, there are certain
characteristics of MMMF (and other fibresg) that are important
determinants of effects on biological systems. The most

important of these appear to he fibre size (length, diameter,
aspect ratio), in vivo persistence? and durability®, chemical
composition, surface chemistry, and number or mass of fibres
(dose). In addition, it is imperative to understand that each of
the above characteristics cannot be viewed in isolation from the
others. For example, it is clear that two types of fibres of
identical dimensions could react differently within the host if
they differ in one of the other characteristics. Some of the
apparently inconsistent experimental results of studies reported
in this section may be a function of these factors.

The term persistence refers to the ability of a fibre to
stay in the biological environment, where it was introduced.
The term is of particular use in inhalation and intra-
tracheal instillation studies, because a large percentage of
the fibres that reach the lung are removed by the muco-
ciliary apparatus and relatively few are retained (persist}).
The length of time that MMMF persist in the tissue is also a
function of their durability, which is directly related to
their chemical composition and physical characteristics.
The term solubility, as used here, relates to the behaviour
of MMMF in various fluids. In general, the term solubility
is more appropriate for use in in vitro than in in vivo
studies, because, in tissue, the degradation of fibres is a
function of phenomena more than just their solubility.



Other considerations relate to the extrapolation of
experimental findings for hazard assessment in man. It appears
that if a given fibre comes into contact with a given tissue in
animals producing a response, a similar biolegical response
(qualitative) might be expected in human beings under the same
conditions of exposure. There is no evidence that the bioleogical
reaction of animals and human beings differ. However, there may
be quantitative differences between species, scme being more
"sensitive" than others.

There has been a pgreat deal of debate concerning the
"relevance” of various routes of exposure in experimental animal
studies to hazard assessment in man. The advantages and
disadvantages of each of these routes are discussed in the
following sections. It was the consensus of the Task Group that
administration by each route has its place in the study of
fibre toxicity, but that it is inappropriate to draw conclusions
on the basls of the results by one route of administration only.
This does not mean that all routes are required for the study of
the toxicity of a given fibre.

Each route canncot bhe discussed in detail here, but some
general observations can be made. First, positive results of an
inhalation study on animals have important implications for
hazard assessment in man, Strong scientifically based arguments
would need to be made to dissuade one from the relevance of such
a finding to man. Conversely, a negative inhalation study does
not necessarily mean that the material is not hazardous for
human beings, unless it is clear that the number of fibres that
actually reached the target tissue (in this case the lung) was
comparable to the peositive contrel. Rats, being obligate nose
breathers, have a greater filtering capacity than human bheings,
However, if it were demonstrated that the "target tissue" was
adequately exposed and that a biologically important response
was not noted, then such a result would be of value for hazard
assessment in human beings.

In contrast to inhalation studies, a mnegative result in a
properly conducted intratracheal study would suggest that a
glven type of fibre may not be hazardous for parenchymal lung
tissue, A positive result, in such a case, would require
further study before assessing the hazard for man, since the
normal filtering capacity of the respiratory tract has been
bypassed, and there 1s often a non-random distribution in the
lung, i.e., "bolus" effect. In other words, in intratracheal
instillation studies, the lung can be exposed to material with
which it mnormally would never come into contact. However,
pulmonary clearance mechanisms are still intact, though their
efficiency may be compromised.

The results of studies involving intrapleural instillation
(injection or implantation) and intraperitoneal injection
should be viewed in a similar way to those of investigations

-y



involving intratracheal instillation studies. With these
methods, both filtering and clearance mechanisms are confused.
However, such studies may be more "sensitive" than inhalation
studies, because a higher number of fibres (> 1.0 um in dia-
meter) can be introduced than can be in conventional inhalation
studies. Therefore, a negative result in such a case would be
highly relevant in terms of hazard assessment. In contrast, a
positive result should be confirmed by further Iinvestigation
involving other routes of exposure before indicting the parti-
cular type of fibre as a human hazard in terms of the tissue
involved (mesothelioma). It should be noted that both of these
routes are primarily relevant to the mesothelium and do not
necessarily predict what happens in the pulmonary parenchyma or
airways.

In vitro short-term studies, e.g., cytotoxicity, cyto-
genicity, and cell transformation studies, have been, and are,
important in understanding the mechanisms of action of fibres.
The results of such studies are of value in the overall assess-
ment of fibre toxicity but should not be used alone for hazard
assessment.

Solubility? studies play an important part in the under-
standing of the behaviour of fibres behave in various media.
However, several of the mechanisms that determine the persis-
tence of fibres in biological tissues are not taken into
account. Therefore, while an important adjunet in the overall
study of fibres, they are of less importance in hazard
identification,

While it is not the purpose of this publication to outline a
specific set of protocols for the study of the biological
effects of newly developed MMMF, it may provide scme guidance
concerning those aspects that should be addressed in experi-
mental studies to investigate the potential toxicity of fibres.

7.1 Experimental Animals

7.1.1 Inhalation

Exposure conditions in inhalation studies approach most
closely the circumstances of human exposure and are most
relevant for the assessment of risks for man. Information on
the design and results of studies in which animals were exposed
to MMMF by inhalation is suwmmarized iIn Table 17. Such
investigations have been conducted on several species including
the rat, mouse, hamster, guinea-pig, and baboon.

2  See footnote € on p. 65.
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7.1.1.1 Fibrosis

No evidence of fibrosis of the lung was observed in most of
the iphalation studies conducted to date on the mouse, rat,
guinea-pig, and hamster, exposed to concentrations of glass
fibres of up to 100 mg/rné for periods ranging from 2 days to 24
months {Schepers & Delabunt, 19%55; Gross et al,, 1970; Lee et
al,, 1979; Morriset et al., 1979; Lee et al., 1981; Pickrell et
al., 1983; Smith et al., 1984). In general, the tissue response
in these studies was confined te the accumulation of pulmonary
macrophages. However, reversible alveolar proteinosis was
reported in 2 rather limited studies by the sawe investigators
in which several species were exposed to relatively high concen-
trations of glass fibres (0.4 wmg/litre) (Ilee et al., 1979,
1981). In the more extensive investigations of McCommell et al.
(1984) and Wagner et al. (1984), in which rats were exposed to
glass microfibres at 10 mg/m3 for 12 months, "minimal inter-
stitial cellular reactions with no evidence of fibrosis" were
reported.

However, in contrast, Johnson & Wagner (1980) reported that
electron microscopic examination of the lung tissue of 2 rats
exposed to glass fibre, rock wool, resin-coated glass wool, or
uncoated glass wool at 10 mg/m3 for 50 weeks, revealed focal
fibrosis. In a limited study, Le Bouffant et al. (in press)
reported slight septal fibrosis that was a little more marked in
rats exposed to glass microfibre than in those exposed to rock
and glass wool. Fibrosis was also observed in baboons exposed
to 7.54 mg/m> glass fibres for 35 months (Goldstein et al.,
1983). However, the incidence and severity in contrel animals
were not reported. Moreover, the fibrotic lesions observed in
this study were similar teo those caused by lung mites (Preumo-
nyssus sp.), commonly present in baboons from this geographical
area (McConnell et al., 1974). In a more recent study in which
cynomolgus monkeys were expeosed for 18 months to up to 15 mg
glass fibres/m3 with mean diameters of 0.5 - 6 um, the tissue
response was confined to accumulation of pulmonary macrophages
and granulomas (Mitchell et al., 1986).

In all cases, the tissue reactions in animals exposed to
fibrous glass or glass wool were much less severe than those
produced by exposure to equal masses of chrysotile or
crocidolite (Johnson & Wagner, 1980; Lee et al., 198Ll; Goldstein
et al., 1983; McConnell et al., 1984; Smith et al., 1984; Wagner
et al., 1984). Moreover, in contrast to fibrotie changes
resulting from exposure to asbestos, tissue responses did not
progress following cessation of exposure to these MMMF
(McConnell et al., 1984; Wagner et al., 1984).

Results concerning the effects of fibre coating on the
potential of fibrous glass or glass wool to cause lung-tissue
damage are limited and contradictory. Whereas Gross et al.
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(1970) concluded that there were no discernible differences in
the tissue reactions for uncoated fibrous glass compared with
those for fibrous glass coated with phenol-formaldehyde resin or
starch binder, Johnson & Wagner (1980) concluded that uncoated
glass wool was more reactive than resin-coated varieties.

Pigott et al. (198l) reported winimal pulmonary reaction
(generally confined to the presence of groups of pigmented
alveolar macrophages) in rats exposed for 86 weeks to relatively
low concentrations of normal or thermally aged aluminlum oxide
refractory fibres containing about 4% silica (mean respirable
dust concentrations of 2.18 and 2.45 mg/m3, respectively; median
fibre diameter, 3.3 pm). However, it should be noted that the
median fibre diameter of the material is relatively large.
Davis et al. (1984) reported that interstitial fibrosis occurred
to a lesser extent in rats, exposed for 12 months to fibrous
ceramic aluminium silicate glass at 10 mg/m> (with a rather
large non-fibrous component in the aeroscl), than in chrysetile-
exposed animals. In contrast, Smith et al. (1984, in press) did
not find any fibrosis in hamsters and rats exposed to 12 mg/m3
refractory ceramic fibres (with about twice the airborne fibre
concentration) for a period of 2 years.

With respect to the fibrogenic effects of combined exposure
to MMMF and ather airborne pollutants, Morriset et al. (1979}
concluded that, though glass fibres appeared to be biologlcally
inert in their study (possibly because they were in a
nonpathogenic size range), the presence of these fibres enhanced
the toxic effects of styrene in mice (possibly because of the
absorption of styrene on the fibre surface}.

The discrepancies in the results of different investigations
concerning the severity of tissue response following inhalation
of glass and ceramic fibres may be the result of wvariation in
fibre size distribution. For example, Johnson & Wagner (1980)
suggested that the fibrotic changes observed in their study
might have been due to the fact that their samples contained a
greater proportion of fibres longer than 5 pm than those of
other investigators. However, it is difficult to draw general
conclusions in this regard because of inconsistencies in the
characterization of the airborne fibre size distributions and in
doses administered in different studies.

7.1.1.2 Carcinogenicity

In none of the inhalation studies conducted to date has
there been a statistically significant excess of lung tumours in
animals exposed to glass fibres (including glass microfibres) or
rock wool. However, there have only been a few relevant studies
(Gross et al., 1970, 1976; Lee et al., 1981; McComnell et al.,
1984; Wagner et al., 1984; Le Bouffant et al., in press; Mihle
et al., in press; Smith et al., in press), and group sizes at



termination in several of these investigations were small by
current standards. However, in several of the relevant studies,
there were small, but not statistically significant, increases
in tumour incidence in exposed animals. For example, 2/19
(10.5%) Sprague Dawley rats exposed for only 90 days to fibrous
glass at 0.4 mg/litre had bronchiclar adenomas 2 years after
exposure, compared with none in the control group (Lee et al.,
1981). Similarly, there were 1 - 2 neoplasms (2.1 - 4.2%) in
each group of Fischer rats exposed to rock woel (with or without
resin), glass wool, or glass microfibre at 10 mg/m3 for 12
months, compared with none in the contrels (Wagner et al.,
1984). No mesotheliomas have been observed in animals exposed
to glass fibres or rock wool by inhalation; moreover, in most of
the carcinogenicity bicassays conducted to date, similar mass
concentrations of chrysotile asbestos have been far more potent
in inducing lung tumours than these MMMF {(Lee et al., 1881;
McConnell et al., 1984; Wagner et al., 1984; Smith et al.,
in press). However, data are not sufficient to draw conclusions
concerning the relative potency of various fibre types, because
the concentration of respirable fibres was not reported in many
of these studies.

Morrison et al. (1981l) reported "neoplastic, hyperplastic,
and metaplastic lesions in the bronchi and near the bronchio-
alveolar junctions of the lung" in 12 A strain mice sacrificed
90 days after exposure to 300 mg "crushed fiberglass insulation"
(80% of fibres 2.5 pm wide) in bedding, every 3 days for 30
days. However, it is difficult to assess the results of this
study, since there was no control group exposed to air only. In
addition, only the total number of lesions, rather than the
incidence, was specified and the administered material was not
well characterized. Furthermore, these results seem
inconsistent with those of other investigators, particularly in
view of the relatively short exposure peried and the small
number of exposed animals.

Pigott et al. (1981l) reported the absence of pulmonary
neoplasms in 50 Wistar-derived Alderley Park rats exposed for 86
weeks to relatively low mean respirable dust concentrations of
normal or thermally aged aluminium oxide refractory fibre
containing about 4% silica at 2.18 and 2.45 mg/m3, respectively.
Davis et al. (1984) reported 'relatively large numbers of
pulmonary necplasms" in Wistar rats of the Han strain exposed
for 12 months to fibrous ceramic aluminium silicate glass at
10 mg/m3. Pulmonary neoplasms (3 carcinomas and 1 adenoma)
developed in 8/48 exposed animals (16.6%). However, in 4 of the
animals, the tumours were malignant histiceytomas; these
neoplasms have not generally been associated with asbestos
exposure. There was also one peritoneal mesothelioma in another
animal in the exposed group (the non-fibrous content of the
exposure aerosol in this study was relatively large).
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In Syrian golden hamsters exposed to approximately 12 mg
"refractory ceramic fi_bres"/m3 (200 fibres/ce) for 2 years,
there was a single malignant mesothelioma. However, no other
primary lung tumours were observed in 51 animals surviving the
exposure period, and no primary lung tumours were observed in
similarly exposed Osborne-Mendel rats. It should be noted,
though, that only 3 of the 57 rats and none of the 58 hamsters
that survived the exposure period following inhalation of
3¢00 fibres/cm3 of crocidolite for 2 vyears developed lung
tumours in this study (Smith et al., in press).

7.1.2 Intratracheal injection

Administration by the intratracheal route does not simulate
the exposure of man, since an uneven dose of fibres is
artificially deposited in the respiratory tract. For example,
the production of fibrous granulemas in such studies may be a
function of "bolus" events and might not be observed in
inhalation studies where fibre deposition is more diffuse.
Although this limitation must be borne in mind in interpreting
the results of intratracheal studies, such investigations have
confirmed the effects of MMMF observed following inhalation and
have provided additional information on the importance of fibre
size in the pathogenesis of disease. The results of available
studies invelving intratracheal administration of MMMF are
presented in Table 18. For example, following intratracheal
administration of uncoated or coated glass fibres (1 - 10 doses
of 3.5 mg) to rats, Gross et al. (1970) observed reversible
polyploid proliferative lesions, but no alveclar fibrosis, For
hamsters, the tissue reaction was similar with the exception
that diffuse, bland, acellular collagenous pleural fibrosis was
also observed. Pickrell et al. (1983) observed proliferation of
bronchioalveolar epithelial cells, chronic inflammation of the
terminal bronchioles and alveolar ducts, and slight pulmonary
fibrosis following intratracheal administration of glass
microfibres to Syrian hamsters (total dose, 2 mg; count median
diameter, 0.2 um). Fibrosis was not observed in animals
exposed in a similar manner to 2 instillations of 3 types of
glass fibre "household insulation" (total dose, 17 - 21 mg;
count median diameters, 2.3 - 4.1 pm). A dose-related trend
was reported by Renne et al. (1985) in the incidence of alveolar
septal fibrosis in hamsters exposed by the intratracheal route
to 15 weekly doses (0.05 - 10 mg) of fibrous glass with a median
fibre diameter and length of 0.75 and 4.30 pm, respectively.
The authors reported that the pulmonary response to quartz alone
and to gquartz in combination with ferric oxide was considerably
more severe than that to fibrous glass. Drew et al. (in press)
reported a granulomatous foreign body response following intra-
tracheal instillation of a single dose of 20 mg of "long"
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(nominal diameter and length, 1.5 ugm x 60 pm) and "short™
{1.5 pm x 5 gm) glass fibres in rats, which they attributed to
the administration technique. However, following 10 weekly
instillations of 0.5 mg, only a macrophage response was
elicited. In contrast, a much more severe pulmonary response
accompanied by fibrosis resulted from exposure to crocidolite.

In a study conducted as early as 1955, it was reported that
the severity of the tissue reaction (no fibrosis) following
intratracheal administration of 3 samples of glass fibres (three
0.5-cc doses of 0.5% (1 group) or 5% (2 groups) solutions) was
inversely proportional to fibre diameter (mean wvalues, 6 um,
3 pm, and 1 pm) (Schepers & Delahunt, 1955). Kuschner &
Wright (1976) observed that the severity of tissue reaction
following intratracheal administration of glass fibres (2 - 8§
instillations of 12 - 25 mg) to guinea-pigs varied with fibre
length, with fibresis resulting only from exposure to samples
containing fibres mainly lenger than 10 um (Wright & Kuschner,
1977} .

Mohr et al. (1984) found that the incidence of lung
carcinomas in Syrian golden hamsters following a rather unusual
intratracheal administration technique involving weekly instil-
lations of relatively low doses of fibres (8 weekly doses of
1 mg each of wet-milled JM 104 glass fibres, 50% with diameters
< 0.3 um) was slightly less than that for animals exposed to
UICC crocidolite. Surprisingly, the incidence of sarcomas
(thorax) and mesotheliomas was greater in the glass fibre-
exposed animals. It has been suggested by the authors that these
results might be attributable to the relatively short fibre
lengths of the UICC crocidolite (Pott et al., 1987). In a more
recent but similar study in the same laboratory, lung tumours (1
adenoma, 2 adenocarcinomas, 2 squamous cell carcinomas) were
observed in 5 out of 34 female Wistar rats receiving 20 weekly
applications of 0.05 mg each of JM 104/Tempstran 475 glass
fibres (50% of fibre lengths < 3.2 um; 50% of fibre diameters
< 0.18 pm} (Pott et al., 1987). In rats exposed to sinmilar
doses of crocidolite on the same schedule (50% of fibre lengths
< 2.1 um; 50% of fibre diameters < 0.20 um), lung carcinomas
were observed in 9 and mesotheliomas in 8 out of a total of 142
animals examined.

These results concerning the carcinogenicity of intra-
tracheally administered glass fibres have not been confirmed in
other laboratories. For example, Reuzel et al., (1983) and Feron
et al. (1985) reported "glass fibre granuleomas”, but no tumours,
in hamsters receiving intratracheal instillations of 1 mg glass
fibres (88% of fibre diameters < 1 pm and 42% > 5 um length),
once every 2 weeks, for 1 year; moreover, there was no indica-
tion that glass fibres enbanced the development of respiratory
tract tumours induced by benzo(a)pyrene (26 doses of 1 mg glass
fibres and 1 mg benzo(a)pyrene). However, it should be noted



that no tumours were observed in the positive controls {(i.e.,
the crocidolite-exposed group). The strain of animals and the
form of glass fibre administered in this study were similar to
those used by Mohr et al. (1984). Feron et al. (1985) suggested
that the discrepancies between the results of the 2 investiga-
tions might be attributable to the differences in the length of
the observation periods (85 weeks compared with 113 weeks in the
Mohr et al. (1984) study) or to the effects of prolonged
repeated dosing (i.e., disturbance of fibres by acute pulmonary
reaction after each of the 26 doses). Kuschner (in press)
suggested that the difference might be due to different
instillation techniques.

In an additional study by Smith et al. (in press), the mean
life span of 25 hamsters receiving 2 mg of 1.8-um mean dlameter
refractory ceramic fibre, intratracheally, once a week, for 5
weeks, was significantly reduced (479 days compared with 567
days in vehicle controls). However, no pulmonary tumours were
observed in the hamsters or in rats receiving either 0,45-um
mean diameter glass fibres or 1.8-~um mean diameter refractory
ceramic fibre, on a similar schedule. Two out of 25 rats (8%)
and 20 out of 27 hamsters (74%) similarly exposed to crocidolite
developed pulmonary tumours. Pulmonary response te the various
types of MMMF in this investigation was restricted to a chronic
inflammatory reaction in rats exposed to the ceramic fibre
(believed to be due to deposition of large quantities of foreign
materials in the lung) and fibrosis in the same species exposed
to glass fibres with a mean diameter of 0.45 um.

7.1.3 Intrapleural, intrathoracic, and intraperitoneal
administration

Although Introduction of mineral fibres into the pleura and
peritoneum of animal species does not simulate the route of
exposure of man, such studies have made it possible to clarify a
number of questions that could not feasibly have heen investi-
gated using the inhalation model, Studies invelving intrapleural
or intraperitoneal injection also serve as useful screening
tests to develop priorities for further investipation. Both
have been used to assess the potential for fibres to induce
mesothelioma, when placed in contact with a target tissue. In
addition, the fibrogenic potential of both particles and fibres
has been examined in studies involving intraperitoneal injection
and short observation periods., However, factors that affect
fibre depositlon and translocation, and defence mechanisms that
determine retention of fibres within the lung are not taken into
consideration in this experimental model and these disadvantages
must always be borne in mind in interpreting the results of
such studies.



Both fibrosis and malignant tumours have resulted following
the implantation of wvarious types of MMMF into the pleural,
thoracic, or peritoneal cavities of various species; the results
of the relevant studies are summarized in Table 19. These
investigations have been most important in focusing attention on
the reole of fibre size and shape in the induction of disease.
For example, in studies by Davis (1972, 1976), intrapleural
injection of long-fibred samples of fibrous glass produced
massive fibrosis, while short-fibred samples produced only
discrete granulomas with minimal fibresis. In 1972, on the
basis of their study invelving intrapleural implantation of 17
fibrous materials (including 6 types of fibrous glass) in rats,
Stanton & Wrench (1972) first hypothesized that "the simplest
incriminating feature for both carcinogenicity and fibrogenicity
seems to be a durable fibrous shape, perhaps in a narrow range
of size". In subsequent studies by the same authors, involving
intrapleural implantation of numerous dusts including fibrous
glass, it was found that the probability of development of
pleural sarcomas was best correlated with the number of fibres
with diameters of less than 0.25 pm and lengths greater than
8 um (Stanton et al., 1977, 1981; Stanton & Layard, 1978).
However, probabilities were also “"relatively" high for fibres
with diameters < 1.5 gm and lengths > 4 um. On the basis of
an extensive series of studies involving intraperitoneal
administratien to rats of asbestos, fine glass fibres, and
nemalite, Pott (1978) hypothesized a model in which the carcino-
genic potency of fibres is a continucus functien of length and
diameter. Based on the results of further studies, which
indicated that tumour incidence for long, thin, nondurable
fibres was less than that for durable fibres in the same size
range, Pott et al. (1984) concluded that carcinogenicity is
also a function of the durability of fibres in the body.

In general, chrysotile has been more potent than equal
masses of glass fibres in inducing tumours following intra-
pleural injection (Monchaux et al., 1981; Wagner et al., 1984).
However, the potency of glass fibres wvaries markedly as a
function of fibre size distribution; intraperitoneal administra-
tion of continuous glass filament with mean diameters of 3, 5,
and 7 um did net increase tumour incidence (Pott et al., 1987).
On the basis of studies involving intrapleural injection of
rock-, slag-, or glass wool or glass microfibres, it also
appears that tumour incidence is roughly proportional to the
number of fibres injected (Wagner et al., 1984). In a recent
study, in which actinolite and a basalt wool that contained
equal numbers of fibres (length > 5 um) were administered to
rats, tumour incidence was similar, though the diameters
differed by an order of magnitude (0.1 um versus 1.1 um) (Pott
et al., in press). However, it should be noted that the fibre
length distributions were substantially different as was the
mass injected,
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The carcinogenic potency of glass fibres (JM 104) following
intraperitoneal administration was reduced when the fibres were
pre-treated with hydrochloric acid (Pott et al., 1984); the
authors suggested that this was a function of the lower dura-
bility of the acid-treated fibres (Bellmann et al., in press).
In a study by Bignon et al. (1983), the proportion of lung can-
cer was greater in rats exposed by inhalation to raden and then
administered intrapleural injections of one of 10 mineral dusts
(including glass fibre)} than in rats exposed only to radon.

Pigott & Ishmael (1981) observed only a "mild chronic
inflammatory response” 12 months following intraperitoneal
Injections of 20 mg of two commercial grades of refractory
alumina fibre. Styles & Wilson (1976) observed nodular deposits
of connective tissue, but no fibrosis, following intraperitoneal
injection of alumina and zirconia fibre (0.2 ml 10% suspension).
On the basis of the results of a study in which 20 mg of various
fibrous dusts were injected intrapleurally in rats, Wagner et
al. (1973) estimated the carcinogenicity factor (x 109) for
"ceramic fibre" to be 0.16 compared with 2.28 - 2.35 for SFA
chrysotile. Following intraperitoneal administration of 25 mg
of fibrous ceramic aluminium silicate glass to rats, Davis et
al. {(1984) observed tumours in 9,3% of the exposed animals
compared with 90% in similar studies with chrysotile. Moreover,
time to first tumour was 850 days for ceramic fibres compared
with 200 days for chrysotile. However, in a recent study,
abdominal mesotheliomas were observed in 83% (19 out of 23) of
Osborne-Mendel rats receiving a single intraperitoneal injection
of 25 mg of 1.8-um (mean diameter) refractory ceramic fibres
(Smith et al., in press).

The need for caution in the extrapelation of the results of
studies involving injection or implantation in body cavities to
predict the potency of various fibre samples, even with respect
to the induction of mesotheliomas cannot be overemphasized., The
relevance of these types of studles to other types of cancer,
such as lung cancer, has not been established.

7.2 In Vitro Studies

Several important factors that influence the pathogenicity

of fibrous dusts in vivo (e.g., deposition, clearance, and
immunoclogical function) are absent in in vitro systems.
Moreover, the results of such assays wvary considerably,

depending on the test system used. However, on the basis of
available results for all fibres, it appears that a combination
of in vitro tests may be useful in predicting the fibrogenicity
of fibres in vivo. The predictive value of in vitro tests for
the carcinogenicity of fibrous dusts is, at present, less well
established, but there has been some consistency between the
results of specific in vitro assays and the induction of meso-
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theliomas in in vive studies involving Intrapleural administra-
tion. In general, therefore, in vitrc assays are considered to
be useful for the investigation of mechanisms of disease induced
by fibre dusts and possibly as preliminary screening tests for
pathogenic fibres,

The results of in vitro studies on various types of MMMF are
presented in Table 20. To date, the effects of glass fibres of
various size distributions have been examined in a wide range of
systems including bacteria, cultured erythrocytes, fibroblasts
and macrophages from several animal species, macrophage-like
cell lines and cultured human fibroblasts, erythrocytes, lympho-
cytes, and bronchial epithelial cells. In most of the assays,
cytotoxicity or cytogenetic effects have been a function of
fibre size distribution, with longer (generally > 10 pm), thin-
ner (generally < 1 pm) fibres being the most toxic (Brown et
al., 1979b; Lipkin, 1980; Tilkes & Beck, 1980, 1983a,b; Hester-
berg & Barrett, 1984; Forpet et al., 1986; Hesterberg et al.,
1986). In general, "coarse" fibrous glass {with relatively
large fibre diameters, e.g., JM 110) has been less cytotoxic in
most assays than chrysotile or crocidolite (Richards & Jacoby,
1976; Haugen et al., 1982: Nadeau et al., 1983; Pickrell et al.,
1983). However, the cytotoxicity or transforming potential of
"fine" glass (e.g., JM 1l00) has approached that of the asbestos
varieties (Pickrell et al., 1983; Hesterberg & Barrett, 1984).

Results concerning the effects of fibre coating on toxicity
in in vitro assays have been contradictory. Brown et al. (1979%a)
reported that “"clean" samples of rock, glass, and slag wool
(i.e., resin removed by pyrolysis) were slightly more cytotoxic
for V79-4 and A549 cells than were resin-coated samples of the
same materials. In contrast, Davies (1980) found that removal
of the binder from rock and slag wools and resin from glass wool
had no effect on their cytotoxicity for mouse peritoneal
macrophages.

With respect to genotoxicity, glass fibres (JM 100 and 110)
did not induce point mutations in E. colf or §. typhimurium
(Chamberlain & Tarmy, 1977). Casey (1983) did not observe any
effects of fine (IJM 100) or coarse (JM 110) fibrous glass on
sister chromatid exchange in CHO-Kj cells, human fibroblasts, or
lymphoblastoid cells. However, a variety of fibrous materials
delayed mitosis in human fibroblasts and CHO-Kj cells. The order
of potency in CHO-Kj cells was chrysotile > fine glass (JM 100)
> crocidolite > coarse glass (JM 110). JM 100 glass fibres
induced chromosomal breaks, rearrangements, and polyploidy in
CHO-Ky cells, while JM 110 glass fibres did not have any effect
(Sincock et al., 1982). Oshimura et al. (1984) reported that
glass microfibres (JM 100) induced cell transformation and
cytogenetic abnormalities in Syrian hamster embryo (SHE) cells.
The cytotoxicity, transforming frequency, and micronucleus
induction frequency of glass microfibres (JM 100) in SHE cells
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was reduced by milling (i.e., decreasing the length) (Hesterberg
et al., 1986).

Few data are available on the toxicity of MMMF other than
glass fibres in in vitro assays, However, Styles & Wilson
(1976) reported that the cytotoxicity of BSaffil alumina and
Saffil zirconia fibres (size range unspecified} in rat peri-
toneal macrophages was low; this agreed well with the lack of
fibrogenicity observed in intraperitoneal injection studies with
the same materials. Wright et al. (1986) reported that "ceramic
fibre" (type and source unspecified) was less cytotoxic for
P188 D; cells than chrysotile and the amphiboles,

7.3 Mechanisms of Toxicity - Mode of Action

The results of toxicological studies have demonstrated the
importance of fibre dimension, persistence, and durability in
the pathogenesis of fibrous dust-related diseases. Surface
charge and chemical composition may also play an important role.
However, the mechanisms by which respirable fibrous materials
cause fibrosis and cancer are not well understocd. The sequence
of cellular events leading to fibrosis has been hypothesized on
the basis of observations in animals after inhalation or intra-
tracheal instillation of asbestos (Davis, 198l). 1t Is likely
that the sequence of events in the induction of fibrosis by
other fibres of similar dimensions and durability is similar.
Short fibres deposited on the alveolar surface are phagocytosed
by macrophages and removed by the mucociliary escalator. Fibres
longer than 10 pm are often surrounded by groups of macro-
phages, which may fuse to form multinucleated giant cells. Some
of the dust-ceontaining macrophages become incorporated into the
lung parenchyma and die, and the fibres are rephagocytosed by
new populations of macrophages. The presence of these fibres in
distal airways stimulates excess deposition of collagen and
reticulin fibres.

The deposition of fibres in the pulmonary region of the
respiratory tract is thought to be important only if the fibres
can penetrate into the interstitium where interstitial macro-
phages can phagocytose them. In the process, the macrophage is
impaired; this may "trigger" adjacent fibroblasts in the inter-
stitium to start producing more collapen, leading eventually to
fibroesis.

Several mechanisms by which asbestos and possibly other
fibrous materials cause cancer have been suggested. Because of
the lack of activity of most of these materials in gene mutation
assays, it has been suggested that they may act by eplgenetic
mechanisms (NRC, 1984). For example, it has been propesed that
asbestos acts primarily as a promoter or cocarcinogen or that
cancer occurs secondarily to the induction of inflammation or
fibrosis. However, results of in vitre studies in which chromo-
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somal aberrations have been induced by glass fibres (Oshimura et
al., 1984), suggest that the fibres can directly affect the
genetic material.

Generation of reactive oxygen metabolites by fibrous
materials in in vitro assays has also been observed and has been
postulated to play a rele in cytotoxicity (Goodglick & Kane,
1986). It may also be that fibrogenesis and carcinogenesis may
be a result of several of these mechanisms.
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8. EFFECTS ON MAN

8.1 Occupationally Exposed Populations

8.1.1 Non-malignant dermal and ocular effects

The effects of MMMF on the skin were recognized as early as
the turn of the century (HMSO, 1899, 1911). Fibrous glass and
rock wool fibres (mainly those greater than 4.5 - 5 gm in dia-
meter) cause mechanical irritation of the skin characterized by
a fine, punctate, itching erythema, which often disappears with
continued exposure (Hill, 1978; Bjoérnberg, 1985). Possick et
al. (1970) described the effects of short glass fibres tempor-
arily piercing the epidermis producing sensations wvarving from
itching and burning to pain. They suggested that skin penetra-
tion was directly proportional to fibre diameter and inversely
proportional to fibre length. The primary lesion is a papule or
papulo-vesicle, and the authors quote histelogical reports of
oedema of the wupper dermis with round cell Iinfiltrates.
Secondary lesions include bacterial infections, which develop as
a result of scratching, and lichenification. Urticaria occcurs
in dermatographic subjects.

Data concerning the incidence or prevalence of dermatitis in
workers exposed to MMMF are sparse. Sixty-one percent of 62
glass wool workers in a Swedish plant had cutaneous signs or
symptoms at the end of a weorking day; 45% had visible dermal
lesions (Bjdrumberg, 1985). Twenty-five percent of 315 subjects
exhibited skin reactions at 72 h when patch tested for 48 h with
rock wool (Bjdérnberg & Lowhagen, 1977) and, in a study on 135
Italian fibrous glass production workers, the prevalence of
dermatitis was reported to be 19% (Arbesti et al., 1980).
However, according to Gross & Braun (1984), much lower
prevalences were reported in investigations previously conducted
in the USA. In a study on 467 glass wool workers, Maggioni et
al. {1980) reported that 14% had skin disease, mainlv primary
irritative dermatitis.

There are also few reliable data concerning the tolerance of
workers to MMMF-induced dermatitis. Bjoérnberg et al, (1979
described a group of 60 workers at a glass wool factory; after
counselling, 38 were able to continue work but 22 had to be
transferred to work with less potential for fibre exposure: 6 of
these workers eventually had to leave their jobs because of this
irritation,

The irritant dermatitis induced by MMMF may be complicated
by an urticarial and eczematous reaction that sometimes mimics
an allergic response, both clinically and histologically. In
addition, allergic reactions to resins used in MMMF production
occasionally occur (Fisher, 1982). For example, allergic
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dermatitis in 54% of 160 workers engaged in glass fibre
manufacture was attributed to exposure to epoxy resin (Cuypers
et al., 1975); however, coating with phencl-formaldehyde did not
have any effects on skin reactions induced by rock wool
(Bjoérnberg & Léwhagen, 1977). Conde-Salazar et al. (1985),
in their case report of severe dermatitis in a glass fibre
spinner sensitized te epoxy oligomer, ceommented that glass
fibres per se produced only an irritant dermatitis.

Until recently, reports of eye irritation in populations
exposed occupationally to MMMF were restricted to a few isolated
cases in the early literature (Gross & Braun, 1984). However,
in a recent Danish study, the frequency of eye symptoms
significantly increased and the number of microepithelial
defects on the medial bulbar conjunctiva and, in some cases, the
neutrophil count of the conjunctival fluid were increased after
4 days of exposure in 15 rock wool workers (employed for > 6
months) compared with controls matched for age, sex, and smoking
habits, While there were mno ophthalmological differences
between exposed workers and controls on Monday morning, an
excess of mucous was found in expesed workers, suggesting that
the effect was not completely reversible over the weekend
(Stokholm et al., 1982).

8.1.2 Non-maljgnant respiratory disease

In reports that appeared in the early literature, several
cases of acute irritation of the upper respiratory tract and
more serious ©pulmonary diseases, such as bronchiecstasis,
pneumonia, chronic bronchitis, and asthma were attributed to
occupational exposure to various MMMF. On the basis of recent
reviews of these isolated reports, several authors (Hill, 1978;
Upton & Fink, 1979; Saracci, 1980; Gross & Braun, 1984; Wright,
1984) have concluded that exposure to MMMF was probably
incidental rather than causal in most of these cases, since the
reported conditions have not been observed in most of the more
recently conducted epidemiological studies. These case reports
are not considered further here.

The epidemiological studies of non-malignant respiratory
disease in populations exposed occupationally to MMMF are mainly
of two types: cross-sectional investigations of the prevalence
of signs and symptoms of respiratory disease and historical
prospective (cohort) studies of mortality due te non-malignant
respiratory disease.

8.1.2.1 Cross-sectional studies
The design and results of the available cross-sectional

studies of respiratory effects in MMMF production workers are
sumearized in Table 21, Most of these studies have involved one
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or a combination of the following elements: determination of
respiratory symptoms through administration of questionnaires,
pulmonary function testing, and radiclogical examination of the
lung. Limitations that should be borne in mind in reviewing the
results of cross-sectional studies include the following:
persons who have left employment because of i1l health are
selectively excluded and health effects are monitored at only
one particular time (i.e.,, prevalence rather than incidence 1is
determined). Nevertheless, such investigations do provide
useful preliminary data.

Hill et al. (1973) compared radiographic appearances,
reports of respiratory symptoms, and lung function measurements
in 70 workers who had been exposed at a glass wool factory in
England for an average of nearly nearly 20 years, with those of
other workers, matched for sex, age, height, and weight, who
were from the same geographical area but had not been exposed to
fibrous dust. The frequency of any abnormalities among those
exposed was no higher than in the controls. Hill et al. (1984)
later examined 74% of 340 workers and ex-employees, in the 55 -
74 year age group, who had been employed for more thar 10 years
at the same factory, and alse samples of other groups of
employees and ex-employees for whom participation rates were low
(1217250 overall). The results of the second study indicated
some occupationally related chronic non-specific lung disease in
the 340 fibrous glass workers examined., The statistically
significant impairment of lung function was reported to be more
severe among workers in occupational groups designated as likely
to have had high exposure to fibres, but there was no relation-
ship with length of time empleyed in these groups, Eleven
percent of all 340 workers studied had small opacities on their
chest radiographs of profusion category higher than 0/1 in the
ILO (1980) international <classification. A subgroup of 161
men, who had no history of occupational exposure to any dusts
other than glass fibres, included 15 (9%) with category 1/0 or
higher, but there was no statistically significant relationship
between the occurrence of these signs and either intensity or
duration of exposure to glass fibres. The factory concerned is
included in the European study of mortality discussed in
sections 8.1.2.2 and 8.3.

Moulin et al. (1987) conducted a cross-sectional survey of
workers in two glass wool manufacturing plants in France. A
total of 524 subjects (367 in factory A and 157 in factory B)
were examined for respiratory symptoms, radiological pulmonary
changes, and functional vrespiratory alterations. In each
factory, the prevalences of abnormalities among those exposed to
fibres were compared with findings in unexposed workers
(administrative, oven, and polystyrene workers). The only
statistically significant differences between the two groups
were higher prevalence rates of breathlessness and nasal cavity
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symptoms in the exposed workers at factory A. The prevalernce of
chronic bronchitis was increased slightly among exposed workers
at both factories. No other exposure-related effects on the
respiratory system were observed, The authors also used a case-
control approach in which cases were the subjects in the
quartile showing the worst results from the various examinations
and the age-matched controls were chosen from among the others.
There was no difference as to duration of exposure in factory B,
while cases had a shorter period of employment in factory A.
The results of this study do not indicate any consistent effects
of exposure to glass woel fibres on the respiratory system.

Weill et al, (1983, 1984) reported results hased on a very
detailed statistical analysis of observations on 1028 men
working at 7 North American glass weol or mineral wool
factories, All 7 factories were included in the comprehensive
US mortality study discussed in sections §.1.2.2 and 8.1.3. A
statistically significant increase in the chance of finding
small opacities (category 0/1 or higher) with increasing length
of employment at the factories was found ameng some 450 current
cigarette smokers. The highest profusion category on the ILO
(1980) =cale, as determined from the wmedian of independent
assessments by 3 readers on 6 films, was category 1/1. There
was no evidence in this study that exposure to fibres increased
the prevalence of respiratory symptoms or impairment of lung
function.

Three reports refer to separate cross-sectional surveys,
carried out at different times, of workers at one large factory
producing continuous filament glass fibres (Wright, 1968; Nasr
et al., 1971; Utidjian & Cooper, 1976). The last survey was of
a stratified approximately 10% vandom sample of the workers and
included the wuse of a respiratory symptom duestionnaire and
measurement of Jlung function. The earliest of these studies
(Wright, 1968) did not include those who had been employed by
the company for less than 10 years, but Nasr et al. (1971)
studied wnearly all male employees (N = 2028), including 196
office workers. Radlographic appearances were characterized
using different conventions.

Wright (1968) did mnot find any unusual radiological
patterns, and the frequency of various radiological appearances
among those characterized subjectively as "likely to have had
highest exposure" was no greater than in those considered to
have least exposure. Nasr et al. (1971) reported very similar
prevalences of radiographic abnormalities among the office and
production workers (17% and 16%, respectively). Mean ages and
mean durations of employment in 6 age groups were correlated
almost perfectly, and these mean values were each correlated
positively with the prevalence rates in the age groups. Thus,
there was almost total confounding between the average age and
duration of employment in the grouped data.
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Utidjian & Cooper (1976) failed to demonstrate any
significant differences in the prevalence of chronic respiratory
illness or impairment of lung function between categories of
workers designated as likely to have had the highest and lowest
exposures to airborne fibres in the same plant., However,
neither tabular nor graphical presentations of results were
included in their brief report.

Engholm & Von Schmalensee (1982) collected data, through
self-administered questionnaires, on occupational histories,
smoking habits, and respiratory symptoms in 135 GO0 men working
in the Swedish construction industry. Reports of respiratory
symptoms indicative of chronic bronchitis were grouped according
to age, duration of exposure to MMMF, smoking habits, and
whether or not there had been any occupational exposure to
asbestos. Standardized prevalence rates of bronchitic symptoms,
adjusted for age and for histories of exposure to asbestos,
increased consistently with increasing years of exposure to MMMF
in each smoking category. The authors discuss likely sources of
pias in their results, including the possibility that factors
not considered in their analysis may have been correlated with
duration of exposure to MMMF and with the occurrence of
bronchitic symptoms (confounding). They argue that their
results are unlikely te be explained in this way. This argument
is weakened by their observation of a possible association
between bronchitis and exposure to asbestos in their data and
subsequent demonstration of substantial errors in the self-
administered-questionnaire-determined exposures for asbestos
(Engholm et al., in press).

Other studies listed in Table 20, with apparently negative
or equivocal results, are even more difficult te interpret
epidemiologically, because of: the small numbers of persons
studied, the selection criteria adopted to justify inclusion in
analyses, the absence of information on likely intensity or
duration of exposure to fibres, or incomplete documentation of
study procedures and findings.

In summary, results from available cross-sectional studies
indicate that occupational exposure to various types of MMMF may
be associated with adverse effects on the respiratory tract, but
no consistent pattern has emerged. Findings suggesting this
association require confirmation, preferably in longitudinal
investigations of exposed cohorts, including ex-employees. In
particular, follow-up of the observed increased prevalence of
small opacities in smokers exposed to MMMF would be valuable.

8.1.2.2 Historical prospective studies

The design and results of relevant historical prospective
analytical epidemiological studies are presented in Table 22.
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The most extensive historical prospective studies of disease
incidence and mortality in peopulations occupationally exposed in
the production of MMMF have been those conducted in the USA by
Enterline et al. (in press) and in 7 European countries by
Simonato et al. (1986a,b, in press). The results of studies on
widely overlapping- or sub-cohorts of these 2 large investiga-
tions have also been reported (Enterline & Henderson, 1975;
Bayliss et al., 1976; Robinson et al., 1982; Morgan et al.,
1984; Andersen & Langmark, 1986; Bertazzi et al., 1986; Claude &
Frentzel-Beyme, 1%986; Gardner et al., 1986; Olsen et al., 1986;
Teppo & Kojonen, 1986; Westerholm & Bolander, 1986). Discussion
will be restricted mainly to results of: the complete cohorts in
the 2 large investigations (Simonato et al., 1986a b, in press;
Enterline et al., in press), studies of twe smaller, but
distinct, cohorts of productien workers (Moulin et al., 1986;
Shannon et al., in press), and a cohort and case-control study
of construction workers (Engholm et al., in press).

Standardized Mortality Ratios (SMRs) for non-malignant
respiratory disease and their statistical significance at the
conventional level of P = 0.05 for the main results in the
European and US studies are presented in Table 23. In both
studies, the authors preferred the wuse of local rates to
national rates for the purposes of comparison and presented
evidence of the reasons for this in fibrous glass workers
(Gardner et al., 1986; Enterline et al., in press).

There has been little evidence of an excess of mortality
from non-malignant respiratory disease (NMRD) in the eohort and
case-contrel studies conducted to date. In the extensive
European study of 21 967 production workers, there was no excess
mortality from NMRD in the total cohort, in any production
sector (i.e., continuous filament, glass wool, or rock wool/slag
wool), or on analysis according to time from first exposure or
duration of employment (Simonato et al., 1986a,b, in press). In
the large cohort of 16 661 production workers in the USA, there
was no excess mortality from NMRD in glass wool workers compared
with local rates? (0 = 144, SMR = 103), though there was a
statistically significant excess compared with national rates
(0 = 158, SMR = 134). In mineral wool workers, there was a
statistically nonsignificant excess of NMRD compared with both
local (0 = 31, SMR = 140) (Enterline et al., in press) and
national rates (0 = 31, SMR = 145) (Enterline & Marsh, in
press). In continuous filament workers, there was no excess
compared with either local (C = 35, SMR = 98) or natiemal rates
(0 = 41, SMR = 290).

@ In the US study, SMRs based on local rates are for the
period 1960-82; SMRs based on national rates are for the
period 1946-82.
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Table 23. Yon-malignant respiratory disease mertality - epidemioclogical
studies of MMMF production workers®

Features Study [ibre tvpe
Glass Glass Rock wool/
filament woolPh© slag wool
Nunber of LUSA 35 144 31
deaths from Europe 13 a3 59
MON-Malignanh - oo --semssmm oo oomesosososonooo oo oo
respivatery Srandardized mortality ratios compared with
disease local ratesd:
Fon-malignant USA 98 102 140
respiratory Europe 96 105 a4
disease {national)

rortaticy

Time since USA 0/124 /1107692 52/92/118/93 0/2307124/1212
[irst expo- Europe 0/145/1359/0 63/118/115/113 101/90-72/142
sure (< 10/ (national)

10-19,/20-29/

3+ vears)

Duration of Usa 116/78 136/11%
enplovment Europe 24070 121471 90/11a
{< 20/20+ {national)

vears) (> 20
vears since
first exposure)

Estimated USA 97 /130/107 /0 126/79/74/95 158/161/160/117
cumelative

cxposure (In-

creasing in-

tervals of

fibre/cm”.

months}

Small dia- Usa

meter fibres

- ever/never - 110/97 -
exposed

- by tire - Q44 /1B4 /L3
since first
exposure
{rver ex-
posed)

: TARC (1983) and Enterline & Marsh (in press).

¥ Data for "fibrous glass-both" and "fibrous glass-weol" plants in the USA
study combined.

In the only additional relevant study of a much smaller cohort of glass
wool production workers, there was no excess of morvtality from non-
malignant respiratory disease {0 = 4, SMR = 533) compared with provincial
) rates {Shannon et al., in press)

& Local rates, unless otherwise specified.

Ko SMRs nor trends shown in this table are statistically significant at
the conventional P = 0.05 level.



- 126 -

The results of analyses of NMRD mortality with time from
first exposure, or duration of exposure, or cumulative fibre
exposure did not showed any trends for either the glass wool or
rock wool workers. Among glass wool workers "ever exposed" to
small diameter fibres, there was no excess of NMRD mortality but
a slight statistically insignificant increase with time since
first exposure.

Shannon et al. (in press) studied 2557 glass wool workers
with more than 90 days employment and found 4 deaths from NMRD,
whereas 7.3 would have been expected (SMR = 55). Engholm et al.
(in press), in their study of 135 026 Swedish construction
workers potentially exposed to MMMF and asbestos, found 193
deaths from HNMRD compared with 418 expected; this pgave an
unusually low SMR of 46,

8.1.3 Carcinogenicity

Standardized mortality ratios (SMRs) and their statistical
significance at the conventional level of P = 0.05 for the main
results in the European and US studies are presented in Table
24. In both studies, the authors preferred the use of local
rates to mnational rates for the purposes of comparison and
presented evidence of the reasons for this in fibrous glass
workers {Gardner et al., 1986; Enterline et al., in press).

8.1.3.1 Glass wool

In the European study (Simonato et al., 1986a,b, in press),
there was no significant excess of mortality from lung cancer
(0 = 93, SMR = 103) among glass wool production workers, when
compared with local mortality rates. However, there was a
statistically non-significant relationship between lung cancer
mortality and time from first exposure. When compared with
national mortality rates, there was a statistically significant
excess of lung cancer that was related (0 = 93, SMR = 127} (not
statistically significantly) to time from first exposure. There
was no relationship between lung cancer mortality and duration
of employment. No excess was discernible among workers employed
in the "early technological phase”, whichever reference rate was
used.

In the USA glass wool subcohort (Enterline et al., in
press), the SMR for lung cancer was 109 (0 = 267, statistically
nonsignificant), based on local rates, and 116 (0 = 267,

statistically significant), based on national reference rates.
After 20 years from the onset of exposure, the SMR was not
statistically significant compared with local rates (111) but
was statistically significant compared with US rates (124),
based on 207 observed cases. There was a statistically
nonsignificant increase with time since first exposure, but the
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Table 24. Lung cancer mortality - epidemliclogical studies of MMF
production workers?
Feature Study Fibre_type
Glass Glasf Rock/slag
filament wool? ¢ wool
Number of usa 64 267 60
deaths from Europe 15 93 81

lung cancer

Lung cancer
mertalicy

Time since
first expo-
sure (< 10/
10-19/20-29/
30+ years)

Duration of
employment

(< 20/20+
years) (> 20
years since
first exposure)

Estimated
cumul ative
exposure (in-
creasing
intervals of
fihrc/cm3-

months)

Technological
phase

- ecarly/inter-
mediate/lute

- by time since
first exposure
(early phase)

Uusa
Europe

Usa
Europe

usa

Eurcpe

USA

Europe

§2 109
97 103

104/53/119,/80
176/76/0/0

892/108/108/114
68/113/100/138

110,104
0,0 118,60

96,/51/109/63 120/109/81/108

22/111/477

- 108,70,/80/121

90/157:127/133
104/322 1244185

1457111
143/1.1

1857185 1192/104

257,/1
(r < 0.

007317205

trend was less evident when local rates were used. There was no
relationship between tespiratory cancer mortality and duration
of exposure, or cumulative fibre exposure. There was also an
excess (not statistically significant) of mortality due to lung
cancer among 1015 workers "ever exposed" in the production of
fibres of nominal diameter < 3 um (0 = 22, SMR = 124), where
measured fibre levels were higher than in other production
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Table 24 (contd).

Feature Study Fibre¢ tvpe . _
Glass Glass Reck/slag
filament wool€ wool

Srandardized mortalicy ratios compared with lecal viles
a 1

Small dia- usa
meter fibres

- ever/never - 126/10%
exposed
- by time - 61/123/1057°198 -
since first
cxposure
{ever ex-
posed)
Estimated con- uSA lower intermediata M
centrations of (highest in
respirable small diameter
fibres tibre produc-

tlon faciliciesd

Modified from: IARC (in press),

Data for "iibrous glass-boih” and "fibrous glass-wool™ plunts
study combined.

In the only addirfioral relevant study of a much smaller cohort of glass
wool preduction workers, there was a statistically siy
lung cancer mortality cowpared with provirclal ratves (0 =
199), which was not related to time frow fivst exposure (< =
SMR = 241; 10+ vyears, SMR = 195) or duration of employment (< 5§ vears,
SMR = 2215 > % wvears, SMR = 174) {(Shannon et al., in pressy.

Data reported for "fibrous glass" (Lype unspeciticd) subcobort
tatistical test for Jincar trenmd.

sectors, compared with those "never exposed” in this sector.
The excess showed an increasing but non-significant relaticnship
with time from first exposure.

A case-control study nested in the US cohort was conducted
by Enterline et al. (in press) with an initial number of 211
respiratory cancer  cases among "fibrous glase" (type
unspecified) workers and 374 controls. The logistic analysis
performed indicated a statistically significant assoclation
between lung cancer and the smoking habits of workers but not
between lung cancer and cumulative fibre dose.

In a glass wool plant in Ontarie, there was a stavistically
significant (2-fold) excess of mortalicy from lung cancer,
compared with provincial rates, among 2557 Tplant only"
employees with more than 90 days employment (0 = 19, SMR = 199)
{Shannon et al., in press), The lung cancer rates did not
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appear to be related to time from first exposure or duration of
employment.

The rate of mesothelioma in glass wool production workers in
the large US study was not excessive, Two cases were reported.
No cases in glass wool workers were reported in the European
study.

Moulin et al. (1986) reported a statistically significant
higher incidence of cancers of the buccal cavity (0 = 9,
Standardized Incidence Ratie (SIR) = 301) in production workers
with more than 1 year of employment in a glass wool factory in
France; the excess was related to duration of exposure but not
significantly so. This study was conducted following an
observation by an industrial physician of an excess of cancers
of the upper respiratory and alimentary tracts and must,
therefore, be considered to be essentially a confirmation of a
case report, On their own, therefore, these findings do not
constitute convincing evidence of a real association. Moreover,
the reported SIRs were based on comparison with rates of regions
other than the one in which the plant was located.

A statistically nonsignificant excess of mortality due to
laryngeal cancer was observed in a subcohort of the European
study among 1098 Italian workers employed for at least 1 year in
a plant manufacturing glass wool (Bertazzi et al., 1986). There
was some relationship with time from first exposure, but the
number of cases was small (0 = 4, SMR = 1%0). These findings
were limited to the Italian plant and were not consistent with
either the results of the complete European or US studies.
Meulin et al. (1%8B6) also reported a statistically non-
significant excess in the incidence of cancer of the larynx (0O =
3, SIR = 230) in their cohort of 1374 glass wool production
workers with more than 1 year of employment., However, this
observation should be interpreted with caution, owing to the
limitations of this study mentioned earlier.

8.1.3.2 Rock wool and slag wool

In the European subcohort of rock wool/slag wool preduction
workers, there was a statistically nonsignificant excess of
mortality from 1lung cancer, which was the same compared with
either local or national mortality rates (0 = 81, SMR = 124),
There was a statistically nonsignificant relationship with time
from first exposure (Simonato et al., 1986a,b, in press) but not
with duration of employment. The excess was concentrated among
workers employed in the "early technological phase™ (with large
SMRs of 257 and 214 for local and national comparisons,
respectively, both statistically significant and based on 10
observed cases), in which airborne fibre levels were estimated
to have been much higher. The use of copper slag containing
arsenic was also reported in one factory during this period and
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ventilation was pgenerally poor, peossibly resulting in some
exposure to polycyelic aromatic hydrocarbons (PAHs) from the
furnaces. Other environmental contaminants that might have had
an influence on the lung cancer mortality excess have also heen
analysed. A statistically significant increase in lung cancer
mortality after 20 years since first exposure was associated
with the use of slag (0 = 23, SMR = 189). However, these
findings are difficult to interpret due to the wide overlapping
between the period of use of slag and the early technelogical
phase. Neither the use of bitumen and pitch nor the presence of
asbestos iIn some products explained the excess of lung cancer
{Simonato et al., in press). The results of analysis of data on
lung cancer incidence in the Furopean cochort were similar to
those reported for mortality.

Enterline et al. (in press) studied a cohort of 1846 white
male workers from & US plants that produced slag wocl or rock
wool/slag wool. The SMRs for respiratory cancer were 134 (local
rates) and 148 (national rates), both statistically significant,
based on 60 obsexved cases, After 20 years since first exposure,
the SMRs were 131 (local rates) and 146 (national rates), the
latter being statistically significant, based on 45 observed
cases. No eclear trend with time since first exposure was found,
and there was no relationship with duration of employment, or
with estimated cumulative exposure in this subcohort of the US
study. It was reported that one of the plants studied used a
copper slag containing arsenic.

A case-control study nested in the US rock wool,/slag wool
production subcohort was also carried out using the same
methodology as that for the glass wool production workers. The
study comprised 45 respiratory cancer cases and 49 controls.
Only the relationship between lung cancer and smoking was
statistically significant (P < 0.001). In a further analysis,
using 38 cases and 43 controls, there was a statistically
significant relationship between lung cancer and estimated
cumulative fibre dose (P < 0.01), after controlling for years
of smoking, time since starting to smoke, and interaction terms
between smoking and exposure. Reservatlons about the model used
for this analysis complicate the interpretation of these
results.

Only one case of pleural mesothelioma was reported in the
rock wool/slag wool production workers in the US cohort,
Similarly, in the large European cohort (Simomate et al.,
1986a,b, in press), only one pleural mesothelioma occurred in a
rock wool/slag wool production plant with a brief latency period
following a relatively short exposure time. This single case
does not represent an excess.

In the European study, there was a statistically significant
excess in the incidence of cancer of the buccal cavity and
pharynx (0 = 22, SIR = 180), which showed a statistically
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nonsignificant relationship with time from first exposure. Also
observed in the European study was a statistically non-
significant excess in bladder cancer mortality (0 = 13, SMR =
137) in the rock wool/slag wool production sectors, which was
related at a statistically significant level to time from first
exposure (IARC, 1985). In neither of these cases was there an
association with the early technological phase when fibre levels
were estimated to be higher.

8.1.3.3 Glass filament

In the glass filament subcohort of the Eurcopean study, there
was no excess of mortality from lung cancer compared with local
mortality rates (O = 15, SMR = §7), but a small excess (not
statistically significant) compared with national rates (0 = 15,
SMR = 120), which was not related to time from first exposure
{Simonato et al., 1986a,b, in press). However, it should be
noted that the length of follow-up of the continuous filament
workers in this study was short.

No excess for lung cancer was reported by Enterline et al.
(in press) from the follow-up of 3435 white male workers
employed in glass filament production in the large US study.
The SMRs for respiratory cancer were 92 (local rates) and 95
(national rates), based on 64 observed cases. There was no
relationship with time since first exposure, or with estimated
cumulative fibre dose.

8.1.3.4 Mixed exposures

Engholm et al., {(in press) reported the results of the
follow-up of a large cohort of construction workers in Sweden.
The SIR for lung cancer was 91 based on 440 observed cases. The
authors also investigated the possible influence of exposure to
asbestos and to MMMF using & nested case-referent approach.
After adjusting for asbestos exposure, the relative risk for
exposure to MMMF was 1.21 (95% CI: 0.60 - 2.47), while it was
2.53 (95% CIL: 0.77 - 8.32) for asbestos after controlling for
potential MMMF exposure. A wlde overlapping of asbestos and
MMMF exposures makes the analysis and interpretation of the
results of this study difficult.

8.1.3.5 Refractory fibres
No published epidemiological studies are available.

8.2 General Population

With the exclusion of isclated case reports of respiratory
symptoms and dermatitis associated with exposure to MMMF in the
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home and office environments, and 2 limited cross-sectional
studies of ocular and respiratory effects in offices and
schools, adverse effects on the general population have not been
reported. For example, Newball & Brahim (1976) attributed
respiratory symptoms in members of a family to fibrous glass
exposure from a residential air conditioning system. Dermatitis
has been observed in individuals exposed to disturbed MMMF
insulation in office buildings (Verbeck et al., 1981; Farkas,
1983) and to clothing contaminated during laundering with MMMF-
containing materials (Lucas, 1976).

A significant increase in the incidence of "smarting" and
watering eyes, swollen eyelids, disturbance of sight, conjunc-
tival hyperaemia, and "smarting” of the nose was observed in 39
persons working in buildings with c¢eilings made of compressed
mineral wool compared with a control group ef 23 persons,
matched for age, sex, and smoking habits, who were working in
buildings with plaster ceilings. In 5 of the exposed indivi-
duals, mineral fibres were present in the conjunctival mucous
threads compared with 0 in the control group. It was also
reported that the occurrence of symptoms and conjunctival
hyperaemia were significantly reduced by surface treatment of
the mineral wool ceiling (Alsbirk et al., 1983).

The association between various signs and symptoms of
disease and exposure to MMMF in adults and children in 24
kindergartens was investigated in one Danish county in Autumn
1984 (Rindel et al., 1987). In 10 kindergartens, the ceilings
were covered with MMMF products with water-scluble binder (Group
A}, 6 had resin-bound ceiling covering material (Group B), and 8
had ceilings on which MMMF was not apparent (Group C), The
investigation included questionnaires for the adults (n = 200,
92% response) concerning health and socio-economic status,
smoking habits, and contact lens use (mode of administration not
stated); questionnaires for children (n = 900, 90% response)
were completed by their parents. In addition, for 3 months,
daily records were kept by the adults of their own signs and
symptoms of disease and those of the children. All subjects
were also clinically examined by a doctor. Concentrationg of
fibres and dust, carbon dioxide levels, temperature, humidity,
and air speed were also determined. Mean total airborne MMMF
levels were similar in Groups A and B (23 fibres/m3 and 40
fibres/m3, respectively), but ranged from 0 to 77 fibres/m3 in
Group C. Among children, there was no correlation between
disease symptoms and MMMF concentrations. For adults, eye
irritation was significantly related to respirable (P = 0.03)
and non-respirable (P = 0.004) MMMF. The presence of settled
MMMF on surfaces was correlated with adult skin irritation (P =
0.005). However, the authors concluded that the total MMMF in
air derived from ceiling coverings did not explain the reported
symptoms and diseases. Unless the adults were not informed of
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the hypothesis to be tested, and the physician involved
"hblinded”, it is difficult to see how bias could have been
avoided.

There have not been any mortality or cancer morbidity
studies concerning exposure to MMMF in the general population,
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9, FEVALUATION OF HUMAN HEALTH RISKS

Whenever possible, emphasis is placed on data obtained in
epidemiological studies of human pepulations exposed to MMMF,
though few data on quantitative exposure-response relationships
are available. Information from animal and in vitre studies is
used mainly in the comparative assessment of the potency of
varlous fibre types and sizes, particularly when human
epidemiological studies are lacking or the results are not clear
cut, as is the case for some MMMF.

9.1 Occupationally Exposed Populations

There have been isolated reports of dermatitis and eye
irritation in workers exposed to MMMF (section 8.1.1). However,
noe human data are available concerning the exposure-response
relationship for these effects, and animal studies have not been
conducted to evaluate either of them specifically.

In addition, there has been some suggestion of non-malignant
respiratory effects (e.g., decrements in lung function) in MMMF-
exposed workers (section 8.1.2), but some of these studies have
been methodologically weak. In the study regarded as the best
to date, a slight excess of small radiological opacities was
observed, but this was not accompanied by ventilatory decrement
or increase in respiratory symptoms. The results of experimental
animal studies have indicated that MMMF might be potentially
fibrogenic, especially when introduced into body cavities
(pleural and perltoneal) (section 7.1.1.1). However, a
significant fibrogenic response has not been seen in inhalation
studies, to date, though it should be noted that the information
in this regard is more complete for glass fibres than for other
MMMF. Thus, it is not possible, on the basis of available data
from human epidemiological and experimental animal studies, to
draw definite conclusions concerning the nature and extent of
the possible mnon-malignant hazards for the respiratory system
resulting from exposure to MMMF.

An important concern is the potential risk of cancer in
workers exposed to MMMF. Although there is no evidence that
pleural or peritoneal mesotheliomas have been associated with
occupational exposure in the production of various MMMF, there
have been indications of increases in lung cancer mortality from
the main epidemiological studies of workers in some sectors of
MMMF production, including the two most extensive investigations
of workers in Europe and the USA (section 8.1.3).

In the rock wool/slag wool production industry, the
standardized mortality ratios for lung cancer in the large
European and US cohorts were 124 and 134, respectively (Simonato
et al., 1986a,b, in press; Enterline et al., in press). In the
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glass wool production industry, the corresponding SMRs were 103
and 109, respectively. There has been no increase in lung
cancer mortality in continuous filament production workers: SMRs
in the European and US studies were 97 and 92, respectively.
However, available data are too few to establish a quantitative
exposure-response relationship for lung cancer mortality in
relation to airborne fibre concentratioms.

There has been some suggestion in these cochort studies of
increases in cancer at sites other than the lung, but, it is not
possible, on the basis of the available data, to draw any
conclusions concerning the possible role of occupational
exposure during MMMF production in the etiology of these other
malignant diseases.

It has been suggested that other factors present in the
work-place may have contributed to the increased lung cancer
mortality observed, such as the presence of contaminants in the
slag used, particularly in the early phase of mineral wool
production in the European study. However, where it has been
possible to study such contaminants, including asbestos and
arsenic in copper slag, the lung cancer excess was not explained
by their presence. Furthermore, it is not likely that any known
potential confounding factors for lung cancer mortality,
including cigarette smoking, could explain the high rates
observed in the early technological phase of the rock wool/slag
wool industry in Europe. The hypothesis that the airborne fibre
concentrations are the most important determinants of lung
cancer risk is supported by the observation of a qualitative
relationship between the standardized mortality ratios and past
estimated airborne fibre levels in the various sectors (rock
wool/slag wool, glass wool, and continuous filament) of the
production industry. Moreover, while not statistically
significant, there was a rise in lung cancer risk that increased
with length of time since first exposure in workers invelved in
the production of smaller diameter (< 3 pm) glass wool Ffibres
in the USA. Airborne fibre levels measured in this sector are
higher than those in the rest of the glass weol production
sector. However, it should he emphasized that, at the lower
fibre concentrations associated with the improved production
conditions of the late technological phase, no excess of lung
cancer mortality has been observed in the European rock
wool/slag wool workers.

Alrborme MMMF concentrations present in work-places with
good work practices are generally of the order of, or less than,
0.1 fibres/cm3 (section 5). However, data reviewed in section 5
indicate that mean airborne fibre levels for some workers in the
ceramic fibre and small diameter (< 1 pm) glass wool fibre
manufacturing sectors may be similar to those to which workers
were exposed in the early production phase. Therefore, although
only a small proportion of workers are employed in these
segments of the industry, ctheir lung cancer risk could
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potentially be elevated. However, epidemiological data are not
yet available on workers in the ceramic fibre industry.
Elevated average concentrations of fibres during the blowing or
spraying of insulation wool in confined spaces have also been
recorded and, though the time-weighted average exposure for
individual workers may not be as high (section 5), their lung
cancer risk could similarly be increased, I1f protective
equipment is not used.

The results of animal studies, in toto, indicate that the
excess of lung cancer observed in the epidemiological studies in
some sectors of the MMMF production industry is biolegically

plausible {section 7.1). Although in inhalation studies
(probably the most relevant studies for risk assessment in man)
conducted to date, MMMF have not induced a significant

carcinogenic response, the carcinogenic potential of many MMMF
has been demonstrated when they have been introduced directly
into the pleural and peritoneal cavities. The results of these
studies clearly show that the carcinogenic potential in animals
is directly related to fibre size and durability. In addition,
glass fibres have been shown to cause chromoscomal alterations
and cell transformation in vitro, but little information in
this regard is available for the other MMMF (section 7.2).

9.2 general Population

There have been isolated case reports of respiratory
symptoms and dermatitis associated with exposure to MMMF in the
home and office environments (section 8.2). However, available
epidemiological data are not sufficient to draw any conclusions
in this respect, As with occupationally-exposed populations, it
is the potential risk of lung cancer at low levels of exposure
that is of most concern, but no direct evidence is avalilable
from which to draw conclusions.

Available data on occupationally-exposed populations are not
yet sufficient to estimate quantitatively, by extrapolation to
low levels, the risk of lung cancer in the general population
associated with exposure to MMMF in the environment. Moreover,
the available information is inadequate to characterize exposure
to MMMF in the general environment. However, levels of MMMF in
the typical indoor and general enviromments, measured to date,
are very low compared with present levels in most sectors of the
production and wuser industry and certainly much lower (by
several orders of magnitude) (sections 5.1.1.2 and 5.1.1.3) than
some past occupational exposure levels associated with raised
lung cancer risks. It should also be noted that such increases
in lung cancer risk have mnot been observed among workers
employed under the improved conditions of the late technologiecal
phase and followed up for a sufficient length of time.
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The overall picture indicates that the possible risk of lung
cancer among the general publiec is wvery low, if there is any at
all, and should not be a cause for concern if the current low
levels of exposure centinue,
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10. RECOMMENDATIONS

10.1 Further Research Needs

1¢.1.1  Analytical methods

The current reference scheme for the measurement of MMMF
concentrations in the occupational environment by the membrane
filter optical and scanning electron microscopic methods should
continue.

There is also a need to standardize methods of measurement
of MMMF in ambient and indoor air; ideally, such methods should
determine both the total mass of dust and the number of fibres
likely to be deposited in the respiratory system. Where
scanning electron or transmission electron microscopy are used,
fibre size distribution should be fully characterized., Greater
standardization of sample preparation and measurement methods
for the determination of MMMF in other media, including
biological tissues, is also desirable.

Further research on the development of automated fibre
counting methods, which may improve the consistency of results
obtained in different laboratories, should be conducted. The
development of cheaper and more practical methods of determining
fibrous particulates is also desirable.

For fibrous dusts with the potential for causing non-
malignant and malignant diseases of the airways and lung
parenchyma, attention should, in future, be paid to the
measurement and study of the effects of the fraction of fibres
(inhalable) that is mainly deposited on the surface of the
airways as well as the fraction ("respirable") with a high
efficiency for airway penetration and deposition in the
alveoli.

10.1.2 Environmental exposure levels

There is a mneed to determine levels of MMMF in the
environment that are representative of general population
exposure, and it is recommended that respirable levels of MMMF
in ambient and indoor air should be measured by appropriate and
preferably standardized methods of sampling and analysis.
Analysis of the MMMF contents of tissues in both occupationally
exposed groups and the general population is also recommended.

10.1.3 Studies on animals

Standardized reference samples of MMMF products as well as
size-selected fibre samples should be developed for use in
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experimental animal studies. Complete characterization and
reporting of the fibre size distributions of MMMF used in such
investigations is also essential.

Research to investigate the relative potencies of the
various MMMF types (preferably by routes of exposure that
simulate those of man, e.g., inhalation) should continue. The
effects of fibre coating on the potential of MMMF to cause
disease should be further examined and investigations of the
effects of concomitant exposure to MMMF and other airborne
pellutants {(such as tobacco smoke) should be conducted,.

Studies should be undertaken to examine further the
mechanisms by which  fibrous materials cause disease.
Particularly relevant for the assessment of risks associated
with exposure to the MMMF is the examination of the bioclogical
significance of the durability of fibres in tissue. Development
of short-term models of durability are needed, as well as a
comparison of durability in different locations in the body.

Studies on the relationship of fibrogenicity and carcino-
genicity are of special importance as is a better understanding
of the mechanisms of fibre toxzicity, especially at the cellular
level ({interaction of macrophages, etc.). Cytotoxicity and
genotoxicity studies should be extended to all MMMF (currently
available only on glass fibres).

As new fibres are developed, they should be subjected to
systematic investigation for the assessment of health hazard.
It would be desirable to develop a standard set of study
protocols for use in this regard.

10.1.4 Studies on man

Further study of the prevalence of dermatitis and eye
irritation in populations exposed occupationally to MMMF is
warranted. The respiratory effects observed in cross-sectional
studies of MMMF workers should be further investigated using
standardized methods to measure effects, including the
International Classification of Radiographs of Pneumoconiosis,
in appropriately designed epidemiological studies (WHO, 1983b).

Follow-up of MMMF-exposed workers examined in the historical
prospective studies reported to date should continue. The
possibilities of extending these investigations to meaningful
studies (in terms, for example, of size and time since first
exposure) on workers who have entered the glass wool and rock
wool industries more recently, those working with refractory
{including ceramic) fibres, special purpose fibres, or other
new fibres, and workers in the user industries should be
explored. These studies should be accompanied by the collection
of agreed comprehensive industrial hygiene data in advance of
the epidemiological analyses, Where possible, continued
attempts should be made to control for confounding factors, such
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as cligarette smoking (perhaps by nested case-referent studies)
and past exposure to ashestos (perhaps by lung fibre burden
studies).

10.2 Other Recommendations

10.2.1 Classification of MMMF products

There is a need for setting up a systematic scheme for the
classification of the various MMMF products manufactured.

There is also a need to give guidance concerning the
potential for fibre release from MMMF products. aAs a first
step, information on fibre diameters in the bulk material is
essential.
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