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Contribution of Environmental Fibers to

Respiratory Cancer

by Gilbert S. Omenn,* James Merchant,” Edwin Boatman,*
John M. Dement,’ Marvin Kuschner,! William Nicholson,’
Julian Peto,” and Linda Rosenstock**

This article reviews studies of the carcinogenicity of mineral fibers, notably ashestos, and presents seven
major recommendations for further research. Mineral fibers represent the greatest cause—after cigarette
smoke—of respiratory cancer due to air pollutants. Past ashestos exposure may currently account for
2000 mesothelioma deaths per year and 4000 to 6000 lung cancer deaths per year. All major commercial
types of ashestos (crocidolite, amosite, and chrysetile) can cause each of the major ashestos-related res-
piratory diseases. Lung cancers in asbestos-exposed individuals probably do not have a different distri-
bution of histological types from that of non-ashestos-related lung cancers. Nonoccupational exposures
are likely to be associated with malignant disease outcomes qualitatively similar to those associated with
occupational exposures. Further investigations of fibers are needed to characterize the relationships among
physicochemical properties, patterns of migration and clearance, dose, and adverse health effects. Trans-
mission electron microscopy has been found to be the preferred method of analysis of environmental fibers.
Relations among time factors {e.g., age at first exposure), dose, and risk for adverse health effects require
analyses of existing and new epidemiologic studies of exposed cohorts. Concomitant exposures, behavioral

factors, and host factors affecting susceptibility to ashestos should be identified.

Exposures during production and use of mineral fi-
bers, notably asbestos fibers, represent the greatest
cause—after cigarette smoke—of respiratory cancer
due to air pollutants. Asbestos acts directly to cause
mesotheliomas of the pleura and peritoneum and acts
directly and especially synergistically with cigarette
smoking to cause bronchogenic carcinomas. It is esti-
mated that past ashestos exposures may currently ac-
count for approximately 2000 mesothelioma deaths per
year and 4000 to 6000 lung cancer deaths per year (1).
Current exposures are much lower because of alter-
native materials and occupational exposure controls.

Because the size, shape, and persistence of asbestos

*School of Public Health and Community Medicine, SC-30, Uni-
versity of Washington, Seattle, WA 98195.

tPreventive Medicine, AMRS, Oakdale Hospital, University of
lowa, lowa City, 1A 52242,

iDepartment of Environmental Medicine, SC-34, School of Publie
Health, University of Washington, Seattle, WA 98195.

§National Institute of Environmental Health Sciences, Post Office
Box 12233, Research Triangle Park, NC 27709,

[ISchool of Medicine, Health Sciences Center, SUNY - Stony Brook,
Stony Brook, NY 11794,

fiEnvironmental Science Laboratory, Mt. Sinai School of Medicine,
1 Gustave Levy Place, New York, NY 10029.

#Institute of Cancer Research, Clifton Avenue, Belmont Sutton
Surrey SM2 5PX, England.

**Department of Medicine, University of Washington, 325 Ninth
Avenue, Seattle, WA 98104,

and related fibers seem to be eritical properties for car-
cinogenicity, it is likely that other chemically diverse
fibers that share these eritical attributes may be simi-
larly carcinogenic. A scheme for classification of envi-
ronmental fibers is presented in Figure 1. Such fibers—
natural and synthetic—are coming into widespread
use, both as replacements for asbestos and in techno-
logical innovations requiring materials with high tensile
strength. Thus, the development and validation of in
vitro screening tests and animal bioassays for these fi-
bers will be increasingly important, as will well-planned
epidemiologic surveillance of workers. It would be bet-
ter to identify potentially hazardous substances before
there is widespread human exposure than to learn only
later from epidemiologic and clinical studies that con-
siderable disease has been eaused.

Human Health Effects

Recent major reports to the governments of the
United States, Great Britain, and Canada have re-
viewed the health effects of asbestiform fibers in detail
{(2-4). Thus, a full recapitulation here is unnecessary.

These reports are in essential agreement about the
major malignant and nonmalignant asbeatos-related se-
quelae of exposure and about the dose-response rela-
tionship for occupational asbestos exposures. However,
there are large uncertainties about the dose-response
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ASBESTIFORM FIBERS
Naturally occurring fibers Synthetic fibers
I [
Asbestos Natural fibers Man-made mineral Other synthetic
(commercial designations) other than asbestos (or vitreous) fibers fibers
) . I )
Chrysotite Amaosite . Anthophyllite Sepiolite Fibrous Ceramic Miscellaneous
{cummingtonite- (including glass tibers categories
grunerite) meerschaumy
Crocidolite Actinolite Attapulgite Noncommercia! Mineral Carbon
(fibrous tremolite (palygorskite) natural wool fibers
riebeckite) Wollastonite mineral
Erionite fibers
{Turkey}
Rock wool Slag wool
F1GURE 1. Asbestiform fibers (1).
Table 1. Pulmonary manifestations of ashestos exposure. chymal fibrosis but alse discrete or generalized pleural
— thickening and small airways digease) confer a greater
Dose-response relationships . . . .
. risk for either bronchogenic carcinoma or mesothe-
Strength of Relation to lioma?
Effect data Comments smoking : ] .
Malignant Key conclusions from reports and studies are the fol-
Lung cancer + + + + Linear, cumulative Yes lowmg : . . S
(relative risk {(multiplicative) The major commercial types of asbestos (crocidolite,
‘ model) amosite, and chrysotile) all can cause each of the major
Mesothelioma + C“ml;ﬂaltlze " No asbestos-related diseases of the respiratory system.
52032131 e s Chrysotile, the form most widely used in the United
Nonmalignant States, may be less likely than the others to cause
Parenchymal +++ Linear, cumulative No pleural mesotheliomas and seems not to be associated
fibrosis with duration {uncertain) with peritoneal mesothelioma.
and intensity Lung eancers in asbestos-exposed individuals prob-
Pleural ++ Cumulative; strong No blv d th diff. t distributi f histological
thickening relation to time ably do not have a different distribution of histologica
from first types from that of non-ashestos-related lung cancer.
exposire ) There has been a temporal increase in the histologie
- - lp - gl
Ple;ngl_ + Ne diagnosis of adenocarcinoma in both groups.
Snfall S;i(;];fay - Yes Nonoceupational asbestos exposures are likely to be
disease (Tadditive) associated with malignant disease outcomes qualita-

relationships for much lower exposures in noncecupa-
tional settings. In addition, there are controversies
about possible differential effects of the major types of
asbestos fibers and about the significance of inconsistent
observations of increased risk for gastrointestinal can-
cer.

Table 1 summarizes the recognized adverse pulmo-
nary effects of asbestos exposure, the knowledge of
their relation to exposure dose, and the extent and na-
ture of their relation to cigarette smoking. In general,
the natural history of nonmalignant respiratory disease
and its relation to the risk for cancer needs further
elueidation. Specifically, independent of dose, does the
presence of nonmalignant sequelae (particularly paren-

tively similar to those associated with occupational ex-
posures.

The absence of recorded cases of asbestosis caused
by low-level, nonoccupational exposures and the fact
that asbestosis is a progressive, generalized condition
would be consistent with a threshold below which fi-
brosis may not occur.

Major economie, legal, and social issues are inter-
twined with analyses of causation and attributable risk
from past occupational asbestos exposures. These di-
mensions are beyond the scope of this discussion.

Research Agenda

The pathogenesis of all asbestos-related sequelae re-
mains unknown. Despite the available experimental evi-
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dence duplicating the major observed effects on human
health, further investigations of fibers are needed to
characterize the relationships among physicochemieal
properties (size, shape, and charge), patterns of migra-
tion and clearance, dose, and adverse health effects.
Relations among time factors (age at first exposure,
time since first exposure, duration, and calendar time),
dose, and risk for adverse health effects will require
detailed analysis of existing and new epidemiologic stud-
ies of exposed cohorts. These studies need to identify
concomitant exposures, behavioral factors, and host fac-
tors affecting susceptibility to asbestos and develop-
ment of specific clinical endpoints. In addition, asbestos-
exposed workers, particularly smokers, are an excellent
high-risk population to study mechanisms and risk re-
duction strategies in carcinogenesis.

Recommendation 1: More epidemiologic studies
are warranted. Particular attention should be given to
time factors, nonmalignant sequelae as potential pre-
dictors of cancer risk, biological markers, immunologic
dysfunction, and dietary factors.

Recommendation 2: Strategies to prevent respi-
ratory cancer in high-risk asbestos-exposed cohorts de-
serve priority. These strategies include elimination of
asbestos exposures, cessation of cigarette smoking, and
chemoprevention with agents such as retinoids. There
should be systematie surveillance of asbestiform fiber
exposures, lung cancer, and mesothelioma, seeking to
document the expected declines due to control mea-
sures.

Recommendation 3: Instillation and inhalation
studies in animals should be continued. These studies
remain the preferred means for investigating translo-
cation, clearance, and retention of fibers and the rela-
tionship of physicochemieal and physiological parame-
ters to pulmonary effects.

Recommendation 4: [n vitro predictive tests need
to be developed and validated. With many new or mod-
ified fibrous materials being introduced in industry,
screening tests for cytotoxicity, fibrogenicity, or malig-
nant transformation would have great value. Such tests
may provide clues to underlying mechanisms as well.

Measurement of Exposure

The detection, identification, and enumeration of as-
bestiform fibers in air, water, foods, beverages, phar-
maceutical products, body fluids, and tissues are com-
plicated issues of considerable importance. The most
critical step is sampling. How often should a site be
sampled? What volume of air, water, or tissue should
be taken? Available instrumentation encompasses light
microseopy, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), automated count-
ing devices using television camera/computer tech-
niques, light scattering (Tyndallometry), and magnetic
alignment devices. What is the most appropriate form
of microscopy to use? What are the limits of detection?

Measurement of the amount of asbestos collected on

a sample filter can be determined in terms of mass or
number of fibers. Total mass is inappropriate, because
small numbers of large fibers that are not respirable
influence the determination disproportionately. Meth-
ods of counting fibers by phase-contrast optical micros-
copy are unable to resolve fibers less than 0.2 pm in
diameter and suffer considerable interlaboratory vari-
ability. The transmission electron microscope with high-
resolution, selected-area electron diffraction and en-
ergy-dispersive X-ray analysis can resolve the finest
fibrils and provide positive mineralogical identification
in the majority of cases. Because these procedures are
time-consuming and demand a high degree of expertise,
development of image analysis methods for the TEM
could be useful.

At present, there are three levels of resolution avail-
able for enumerating and sizing mineral fibers: 0.2 pm
by phase-contrast microscopy (PCM), 50 A by SEM,
and 5 A by TEM. Assuming a deposition of fibers on a
membrane filter (of, e.g., 47 mm diameter), the maxi-
mum area of filter that can be examined in one prepa-
ration is potentially 100% by PCM, 8% by SEM, and
0.4% by TEM. Lack of uniformity in distribution of the
fibers will lead to an increase in error by use of SEM
and even more so by TEM unless multiple sampling of
a filter is undertaken. Nevertheless, with eareful sam-
pling procedures and appropriate controls, TEM is the
best method available. Counting of fibers is an exercise
in probability theory.

Reported coneentrations of chrysotile asbestos in the
ambient air of U.S. cities range from 1 ng/m® to 100 ng/
m?, with a geometric mean concentration estimated to
be about 1.5 ng/m® (3.5 ng/m® for large urban areas).
An exposure of 1.5 ng/m® is equivalent to about 0.00006
fibers > 5.0 um long/em®. Not surprisingly, high am-
bient exceptions do oceur; for example, regions 6 miles
distant from the mining site in Asbestos, Quebec, are
subjected to ambient air concentrations of asbestos fi-
bers that are sometimes as high as those found in areas
bordering the mines.

Recommendation 5: Transmission electron micros-
copy (TEM) is the preferred method of analysis for en-
vironmental fibers. Concentrations should be expressed
in fibers/em®, and size distributions should be described.

Recommendation 6: A standardized method for
TEM analysis should be adopted by EPA. Reference
laboratories for these types of analyses are desirable.
EPA and the National Burean of Standards (NBJ)
should work out an acceptable arrangement. Standard
reference samples of asbestiform fibers are needed to
allow reasonable standardization among research and
testing protocols. These samples should be well char-
acterized in terms of physical, morphological, and chem-
ical propetties.

Quantitative Risk Estimation

Data are available from several studies of workers
occupationally exposed to chrysotile, amosite, or mix-
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tures of chrysotile, amosite, and/or erocidolite. These
data allow a model of the dose, age, and time depen-
dence of asbestos-related lung cancer to be developed.
The data suggest a relative risk model in which the
asbestos-related risk of lung canecer t years from onset
of exposure is independent of age and proportional to
the cumulative exposure to asbestos at time (¢ — 10)
years, multiplied by the age, sex, and calendar year risk
of lung cancer in the absence of exposure. The incidence
can be expressed formally by:

Iy, (a,y,8,t.d,f) = Ig (a,8,9) [1 + Kfd (t — 10}]

Here Iy (a,y,s,t,d,f) is the lung cancer incidence ob-
served or projected in a population of age a, observed
in calendar year ¥, at { years from onset of an asbestos
exposure of duration d, and at average intensity f. Ig
(a,8,y) is the age, sex, and calendar year lung cancer
incidence expected in the absence of exposure. If data
are available, I;, and Iy can also be smoking-specific.
Evaluation of the dose-response relationships in 11
studies of workers exposed to asbestos in textile pro-
duction, ashestos product manufacturing, and insulation
application suggests an average value of K; of 0.01.
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Figure 2 gives a summary of all studies for which dose-
response data are available. Those studies for which
data exist at various doses are displayed in Figure 3.
This value, or a similar value, has been estimated in
major studies sponsored in the' United States, Great
Britain, Canada, and Europe. Dose-response data in
chrysotile mining suggest a significantly lower value of
K, (one-tenth). The difference between the unit expo-
sure risk of lung cancer in chrysotile mining and milling
and chrysotile textile production or asbestos product
manufacturing or use may lie in different size distri-
butions present in the different work circumstances.
Although no data exist that provide a unit exposure risk
estimate for pure crocidolite exposures, the existing
data do not indicate any substantial differences in K,
attributable to fiber type.

It is clear from Figure 2 that there is great uncer-
tainty in estimates of K. Some of the contributing fac-
tors are uncertainties in exposure estimates, statistical
uncertainties associated with limited numbers of deaths
in epidemiologie studies, biases in these studies, and
differences in response associated with differing fiber-
size distributions or fiber type. Additional uncertainties
exist in the extrapolation of risk from occupational ex-
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FIGURE 2. Values of K, the fractional increase in lung cancer per fibers/mL-y of exposure in 14 asbestos-exposed cohorts. The open bar

reflects the estimated 95% confidence limits associated with measures of response. The line represents the uncertainties associated with
measures of exposure, generally = a factor of 2. (Data of W. J. Nicholson, unpublished.)
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FiGure 3. Exposure-response relationships for lung cancer observed in seven studies, Cumulative exposures are measured in terms of millions
of particles per cubic foot-years {mppef-y} or fibers per milliliter-years (f-y/mL}. (Data of W. J. Nicholson, unpublished.)

posures to environmental exposures two or three orders
of magnitude lower, These result from the need to con-
vert exposures measured in fibers longer than 5 pm by
using phase-contrast mieroscopy to fibers counted by
TEM, and by the uncertainty of the appropriateness of
a linear dose-response model over the range of extrap-
olation.

In contrast to lung cancer, mesothelioma is described
by an absolute risk model. Here, it is found that risk of
death per person-year increases as about the fourth
power of time from onset of exposure in continuous
exposure circumstances and is independent of the age
of exposure. A delay may be incorporated in the model,
in which case a lower exponent would apply. Far fewer
data are available on the dose-response relationship, but
they are consistent with a linear response with dose and
with duration of employment. Estimates of mesothe-
lioma potency on a unit exposure basis suggest that the
ratio of pleural mesothelioma risk to excess lung cancer
risk is roughly similar in most exposure circumstances.
However, this ratio may be two to three times greater
in pure crocidolite exposures. Peritoneal mesothelioma
has rarely been associated with chrysotile exposure.
The model for mescthelioma incidence and data on the
risk relative to lung cancer allow estimates to be made
of mesothelioma mortality in various exposure circum-
stances. However, the risk estimates, particularly at
low exposures and for long periods of time, are more
uncertain than those for lung eancer.

Animal data support the epidemiologic data in terms
of the relative carcinogenieity of different fiber types.
Injection studies (into the peritoneum) and implantation
studies (onto the pleura) demonstrate that mesothe-
lioma (and presumably lung cancer) risk is strongly re-
lated to fiber size. Fibers thinner than 0.3 pm and longer
than 10 pm appear to be the most carcinogenic; thicker
fibers and fibers shorter than 5 pm also demonstrate
carcinogenicity, but to a lesser degree. Various other

mineral fibers are carcinogenic in the above models,
with length and diameter rather than surface chemistry
or mineral structure as the most important factors in
carcinogenic potency.

Asbestos Fibers in Ambient Air and
in Buildings

Measurements of asbestos fiber concentrations in am-
hient atmospheres have been conducted worldwide, but
comparisons are extremely difficult because of differ-
ences in methods of collection, analysis, and interpre-
tation.

Limited measurements of concentrations in buildings
with damaged asbestos surfacing materials indicate that
some buildings may have 6- to 8-hr concentrations ex-
ceeding 100 times background. However, the average
concentrations in the vast majority of buildings with
asbestos as surfacing material do not differ significantly
from background. Evidence of damage in many build-
ings suggests past episodic concentrations that may
have exceeded 1 fiber/em® for short periods of time. As
asbestos concentrations in the ambient atmosphere and
in buildings are usually much less than 0.001 fiber/em®,
the concentration can be measured only by TEM fiber
counts; optical microscope counts include many nonas-
bestos fibers, and TEM mass measurements may be
dominated by particles and nonrespirable fibers that are
not carcinogenic at all. It is generally agreed that the
lower limit of quantitation of the membrane filter
method is between (.1 and 0.5 fibers > 5 pm in length/
em® for air measurements.

In 1983, the U.S. EPA Office of Toxie Substances
conducted a study on airborne asbestos levels in 25
schools (116 samples). The principal conclusions were
that airborne asbestos levels in school buildings with
asbestos were significantly higher (about 0.009 fiber/
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em®) than outdoor ambient levels (about 0.0003 fiber/
em®) and that, within a school building, asbestos fibers
are transported from rooms having asbestos-containing
materials to rooms without these materials.

The use of the model for lung cancer risk with a value
of K1, = 0.01 suggests that fewer than 100 lung cancers
and 100 mesotheliomas per year develop in the general
population from the ambient exposures that existed in
previous years, The contribution of building exposures
to current or future lung cancer incidence is impossible
to estimate without more data on the distribution of air
concentrations in a wide variety of buildings with as-
bestos surfacing materials.

Recommendation 7: A systematic survey of aver-
age TEM counts of airborne asbestos fibers in a random
sample of schools and other buildings eontaining asbes-
tos, and in buildings from which asbestos has been re-
moved, should be dene, Limited surveys of TEM fiber
counts in Britain and Canada indicate that average lev-
els in such buildings rarely exceed 0.001 fiber/em®, but
TEM fiber counts in the United States and France sug-
gest that substantially higher levels may sometimes oc-
cur. It is not clear whether this difference is due to the
selection of buildings sampled or to differences between
the methods of sampling or analysis. Collaborative an-
alytieal studies now being conducted jointly by the EPA

and the British government should lead to more uniform
TEM techniques. When these have been completed and
more extensive surveys have been carried out, an in-
ternational consensus on the significance of ashestos in
buildings will prebably be achieved.

There is considerable publie concern over the possible
dangers of ashestos in buildings, particularly schools.
These data are needed to confirm or refute the sugges-
tion that an extensive ashestos removal program is not
necessary (1,2). When asbestos is seriously damaged or
deteriorating, asbestoz removal should proceed. As-
bestos removal is difficult to control, however, and in
buildings in which average levels are low, the exposure
to both workers and occupants caused by asbestos re-
moval may actually increase the health hazard.
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