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I
Evidence from human epidemiology. experimental animal

implantation and inoculation studies. and /ung burden stud-
ies shows thatfibers with widths grearer than | zm are not
implicated in the occurrence of lung cancer or mesothe-
lioma. Furthermore. it is generally believed that certain
fibers thinner than a few tenths of a micrometer must be
abundant in afiber population in order for them to be a
causative agent for mesothelioma. These conclusions are
fully consistent with the mineralogical characteristics of as-
bestos fibers, which. as fibrils, have widths of less than / um
and, as bundles, easily dissagregate into fibrils. Further-
more. the biological behavior of various habits of tremolite
shows a clear dose-response relationship and provides evi-
dence for a threshold betweenfiber width and tumor experi-
ence in animals. Public policy in regulating mineral fihers
should incorporate this knowledge by altering the existing
federal asbestosfiber definitions to reflect it.
QX/ meters in determining the carcinogenic potential of
asbestos and other specific fibrous materials. Most

idth and length of fibers are both important para-

Although it is common to see the dimensions of asbestos
fibers discussed in terms of a ratio of length to width, or as-
pect ratio, the use of such a dimensionless parameter results
in the loss of information about the size of fibers and, there-
fore, is of little use in the discussion of fiber carcinogenicity
or exposure. While asbestos fiber length is recognized in
federal regulatory policy, width is ignored entirely. It is the
purpose of this paper to examine the relationship between
asbestos fiber width and fiber carcinogenicity, to suggest
how this parameter might be used to identify other potential-
ly harmful mineral fibers and to enhance the specificity of
existing asbestos regulations.

The National Institute for Occupational Safety and
Health (NIOSH) has established the definitions and analyti-
cal methods for asbestos used to one degree or another by all
asbestos regulatory bodies in the United States. Under the
NIOSH scheme, asbestos is simply defined as any fiber of
chrysotile, crocidolite, amosite, anthophyllite, tremolite, or
actinolite. A “fiber” is defined as a particle with a length to
width ratio (aspect ratio) of at least 3:1 and a length of 5 um
or more as determined by the phase-contrast optical micro-
scope (PCM)at a magnification of 450X-500X.""2 In this

investigators who have examined this subject agree that
there exists a minimum length and maximum width below
which and above which fibers are not related to tumor induc-
tion. Although fiber dimension is linked to the pathogenic
effects of asbestos and certain other fibrous materials, it is
also recognized that fiber characteristics other than dimen-
sion (i.e., durability. harshness, surface chemistry, surface
area or activity, etc.) likely play an important role in the
pathogenetic process. Whatever fiber characteristics con-
tribute to the pathogenicity of asbestos, however, it is impor-
tant to ensure that size parameters used for regulatory
purposes reflect those most closely associated with asbestos
and known carcinogenic effects.

*Author to whom correspondence should be addressed

paper a “NIOSH fiber” refers to any particle with these di-
mensional parameters as determined by any accepted analyt-
ical technique.

PREVIOUS WORK
Mesothelioma and Fiber Width

Several investigators have examined the question of
what particle sizes are most likely associated with the induc-
tion of mesothelioma. Merle Stanton first proposed that a
distinct relationship exists between the shape or dimensions
of durable fibers and mesothelial tumors in rats.*” Stanton
and co-workers concluded from these experiments that pop-
ulations with abundant fibers longer than 8 «m and narrower
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TABLE | Bulk and Airborne Particles— Cleavage Fragments

to 0.5 um.""? The high inci-

dence of mesotheliorna in
Turkey has been attributed to
fibers of asbestiform (wooly)

Percentless than

Mineral Length stated widths or
and Reference Inetrumcntation Restriction mean width (um)
Wollastonite

a. Bulk Samples

75 New Yok TEM None 90%<2.3; 50%<1.1

10%<0.62

Tremolite

a. Bulk Samples

@ New Yok SEM >5um 9%<1.0; 0%<0.5

b. Airborne

68 New Yok SEM >5um 0%<0.25
Cummingtonite

a. Airborne

v S Dakota SEM >5um 22%<1.0; 7%<0.5; 0%<0.25

0 S Dakota SEM >5um 11%<1.0; 2%<0.5
Actinolite

a. Airborne

7% Virginia SEM >5um 15%<1.0; 0.5%<0.5

0%<0.25

Grunerite and Actinolite

a. Airborne

©®)  Minnesota SEM >5pm 1%<1; 0%<0.25
Antigorite

a. Airborne

4 Vermont TEM 400X >5um 22%<1.0;2%<0.5

@ Vermont TEM 20KX >5um 37%<1.0; 10%<0.5
Hiebeckite

a. Bulk Samples

@ California SEM >5um 27%<1.0; 5%<0.5

erionite that are on the order of
0.1 wm ,in width.*'3-' In con-
trast. no evidence of mesothe-
lioma has been found in mining
environments where NIOSH
fibers produced by cleavage of
massive amphiboles are abun-
dant."'*2” In these mining en-
vironments 78% or more of the
5 um long particles have
widths greater than 1.0 um
while 93% or more have
widths greater than 0.5 um.
Few, if any, show widths below
0.25 um (Tablel).

Some have suggested that
the carcinogenic potential of
mineral fibers extends to those
with widths as large as 2 pum,
and there is some evidence
from animal experimentation
to support this position. For ex-
ample, Pott et al. have induced
tumors in Wistar rats by in-
traperitoneal injection with
basalt and ceramic fibers with
median diameters close to or in
a few cases greater than |
am.?'2? Hesterberg et al. re-
port tumors in Syrian hamsters
after inhalation of refractory

than 0.25 xm were most closely linked to pleural tumor re-
sponse irrespective of fiber type."’ Most other researchers
who use the animal model support the position that only nar-
row fibers are capable of inducing tumors.®”

_——Evidence for the importance of narrow fibers in regard to ; 'er fibers (still longer than 5
pm) with widths predominantly greater than 0.5 xm, such as

mesothelioma also comes from human experience. Timbrell
and co-workers observed that the differences in the inci-
dence of mesothelioma among two groups of asbestos min-
ers in South Africa noted by Harington is most likely related
to width.®* In the northwestern Cape, where miners experi-
enced elevated rnesotheliorna, the mean fiber diameter for
crocidolite is 0.073 um. In the Transvaal crocidolite and
Transvaal arnosite regions, mean diameters of 0.2 12 wem and
0.243 nm, respectively, were noted and mesotheliomas are
rare. Among vermiculite miners and millers in Libby, Mon-
tana who were exposed to tremolite-asbestos. rnesothelioma
was elevated.!'®'" Studies by Atkinson and co-workers on
bulk samples from the Libby vermiculite mine show that
87% of trernolite fibers longer than 5 m have widths equal
to or fess than | xm and 54% have widths less than or equal

ceramic fibers with an average
diameter of 0.95 um.*» How-
ever, the effect of the wide
fibers in these studies is most evident when the fibers are
very long (upto 50 xm) or when a significant number of nar-
row fibers are part of the population, a fact that may not be
evident from reporting mean or median widths of the popula-

wollastonite. gypsum, and certain fibrous glasses, have been
shown to produce no significant tumor responses after instil-
lation in animals.*****?® Furthermore, the tumor potential of
wide fibers has not been demonstrated by inhalation experi-
ments. in part. at least, because such fibers deposit in the
conductive airways in the head and lung and do not reach the
lung alveoli.®*®

An opportunity to examine in humans the carcinogenic
potential of a naturally occurring population of relatively
wide mineral fiber is provided by the experience of antho-
phyllite-asbestos miners and millers in Paakkila. Finland.
Anthophyllite-asbestos from this locality has a mean width
of approximately 0.6 wm, and in the fiber population, widths
less than 0.1 xm are quite rare.*” In his study of lung tissue
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from four individuals exposed to Paakkila anthophyllite-as-
bestos. Timbrell reports one fiber of 4 wm in width, some
fibers between 2 and 4 wm and more than 50% of the fibers
with widths less than 0.7 wm. In fact, Timbrell has shown
that the distribution of amphibole fiber widths in lung tissue
closely resembles the distribution of fiber widths in air.©®
Among the occupational cohort of miners and millers ex-
posed to Paakkila anthophyllite-ashestos. asbestosis is com-
mon and the incidence of lung cancer is elevated, primarily
in smokers.“”” However, rhe incidence of mesothelioma is
not elevated.””” The fact that Paakkila anthophyllite-as-
bestos will induce malignant tumors in animals after in-
traperitoneal inoculation”” and inhalation’”’ demonstrates
that it has a detectable carcinogenic potential in animals
under certain experimental conditions. However, the human
experience tells us that either because of aerodynamic char-
acteristics and/or the body’s defenses, a population of
durable fibers with the dimensions of Paakkila anthophyl-
lite-asbestos does not represent the same occupational or en-
vironmental mesothelioma risk as other types of asbestos.
The best explanation for these observations, in conformity
with the Stanton hypothesis. is that the most abundant fibers
of Paakkila anthophyllite-ashestos are by and large too wide
and the thin fibers are too scarce for the population to induce
mesothelioma even with the high exposures associated with

this occupational setting.

Lung Cancer and Fiber Width

There are fewer data on the relationship between fiber
width and lung cancer than there are for fiber width and
mesothelioma. However, studies of human populations ex-
posed to asbestos and animal inhalation studies involving as-
bestos consistently show an association between ashestos
exposure and lung cancer as well as between mesothelioma
and asbestos exposure.®®''*"’ |n contrast, exposures to the
nonasbestiform analogs of asbestos minerals (cleavage frag-
ments) have not shown an elevated lung cancer risk in
man. (16 18-200 [ ;ppmann has reviewed the literature in this
area and concludes that lung cancer is associated with fibers
with widths between 0.3 and 0.8 wm (and length > 10
wm).*" His conclusions rest in part on the work of Timbrell
who.has shown that lung retention is greatest for fibers with

only rarely are fibers with widths greater than 1.0 m detect-
ed (See Table II). In fact. most asbestos fibers found in lung
tissue have widths less than a few tenths of a micrometer.
The data are summarized in Table Il. While there may be a
gradual transition in the carcinogenic potential of fibers
from greater to lesser as fiber width increases. as suggested
by Pott. wide fibers are not implicated in mesothelioma in
humans because they appear to be incapable of translocating
to pleural regions. and they are not found in the lungs of peo-
ple who have developed this disease."*>

Fibers longer than 5 um with widths greater than | um
are not often found in lung tissue of asbestos miners. millers,
and fabricators for several reasons. First, wider fibers con-
tain more mass than narrow fibers of the same length and are
thus less likely to become airborne. Wider fibers are also
likely to be intercepted in the upper respiratory tract before
they reach the lung. Work by numerous investigators has
shown that the penetrability of airborne fibers into the pe-
ripheral rat lung drops sharply with an aerodynamic diame-
ter above two. which corresponds to a diameter of
approximately 0.67 wm.'™ Pott and co-workers assert that
fibers with a diameter range of 1-5 um cannot be tested for
carcinogenicity by inhalation because they deposit in the
upper respiratory tract and d o not reach the lung.”””

There are also two very important mineralogical reasons
why wide fibers of asbestos are rare in lung tissue. First,
populations of ashestos fibers of all types are composed of
fibers that are less than | «m in width, and. therefore, wide
fibers are simply not readily available for inhalation (Table
I11). Second. asbestos fibers wider than 1 um are composed
of bundles of fibrils that readily split longitudinally into in-
dividual fibers of much smaller width. Even if wider fibers
were inhaled. because of the fibrillar structure of asbestos,
the fibers disaggregate. Cook and co-workers demonstrated
the effectiveness of this process in their animal intratracheal
instillation experiments with ferroactinolite-asbestos.”” In
these experiments they showed that the number of fibers
found in lung tissue increased following cessation of expo-
sure and that the increase was due to longitudinal splitting of
fiber bundles. Other natural fibers that have been shown to
exhibit a significant carcinogenic potency such as asbesti-
form (wooly) erionite are also characterized by very narrow
widths and_the ability to split longitudinally. The fibrillar

these widths and lengths.®* Such dimensions are consistent
with those commonly associated with asbestos fibers but not
forcommon cleavage fragments (see {u:iics | and HI). Thin-
ner fibers migrate to the pleura and peritoneum. Thicker
fibers are usually rare in an airborne population of asbestos,
and when present. disaggregate into thinner fibrils.

Lung Burden Studies in Asbestos-Related Diseases
and Fiber Width

During the past 15years, there have been a significant
number of lung burden studies of persons occupationally ex-
posed to asbestos who have developed asbestos-related dis-
eases. Numerous investigators have published information
on the sizes of ashestos fibers found in these persons and

structure is the hallmark of asbestiform fiber~.‘dl as-
bestos minerals that have been implicated as carcinogens in
humans exhibit this unique habit of crystal growth structure.

In summary, human epidemiology, experimental animal
studies. and the information on size distributions of fibers
found in human lung tissue strongly suggest that fibers wider
than 1 wm are not likely to be a significant factor in the pro-
duction of mesothelioma or lung cancer in man. To test the
hypothesis that | wm is a reasonable upper limit for critical
width, we have examined data from tremolite-asbestos and
nonashestiform tremolite. This analysis will show that a
clear dose-response relationship and evidence for a thresh-
old exist between the abundance of fibers less than | xm in
width and carcinogenic response. While fibers wider than 1
wm that are actually fiber bundles might also be important in
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producing a carcinogenic re-

TABLEH. Fibers in Lung Tissue of Humans Exposed to Asbestos

sponse they are usually uncom-

Percent less than

mon in terms of fiber number  Mineral Length stated widths Or
in an airborne asbestos popula-  and Reference Instrumentation Restriction mean width (zm)
tion. We have therefore ne- Amphibole and
glected these bundles in _
. . Chrysotile
analyzing fiber abundance data 9" Jung TEM None mean = 013
although it may be inappropri- y ’
ate to iggnore thim for rFe)guszto- 761 parenchyma range: 0.05-0.32
fy pUrposes. parietal TEM None mean = 0.06;
pleura range: 0.03-0.09
Amphibole
MATERIALS AND {76) TEM >4 um 100%<1.0;63%<0.25
METHODS 73 pleura TEM None mean width = 0.15+ 0.07
73 parenchyma TEM None mean width =0.19+ 0.21
Tremolite occurs naturally as a 3 node TEM None mean width = 0.21+ 0.12
ganthje and a; a gchmponent of Crocidolite
gre.a a.ngmte.rl trrmes Pro= o mining TEM None 100%<1.0
CLI:ICiItr;g IglaL;f rlganda . gaerrg;é- 8 TEM None mean widths =0.13, 0.09,
crushed stone, and chrysotile- ®  lung 0.14.0.15
asbestos. Health risks associat- parenchyma TEM ~4um 96%<0.375
ed with tremolite have been the 55 shipyardyand H o
?r?lggct‘; t?]fe zg?jr:?iizzifmdéﬁﬁe_ construction TEM >1pum 25%<0.07; 75%<0.16
ty and regulatory arena for 47) TEM None 100%<0.12+ 0.10
many years.®¢~*® Tremolite, in  Amosite
its massive and most common 28 mining TEM None >95%<1
habit, when crushed. forms €8) TEM None mean widths =0.27, 0.24,
elongated cleavage fragments 0.35.0.20
that are similar in size and %20 Jung
shape to cleavage fragments of parenchyma TEM >4 um 66%<0.375
other common amphiboles. In %8} shipyard and
this form, there are no epidemi- construction TEM >1pum 25%<0.09; 75%<0.29
ological studies that clearly 8 shipyard and
implicate tremolite as the construction TEM >4 um 7% < 0.3
cause of mesothelioma or lung 470 shipyard and
cancer in man despite its construction TEM None 100%<0.43+ 0.29
prevalence in some mining en-
vironment~.'~'Ih its rare as-

bestiform habit, on the other hand. it appears to be the cause
of both mesothelioma and lung cancer in man."'%!*3% In ani-
tremolite asbestos.”****"" One animal inhalation study in-
volving tremolite asbestos showed elevated lung tumors as
well as mesothelioma.”*** There is a modern source of com-
mercial tremolite-asbestos in Korea, and in the past tremo-
lite-asbestos has been mined locally in Europe, Asia, and
North America. Tremolite-asbestos possesses the character-
istics that distinguish the more commercially important
amphibole-ashestos types (crocidolite, amosite. anthophyl-
lite-asbestos) including flexibility. thin fibrils, and a fibrillar
structure.®® Therefore. tremolite is an ideal mineral to study
because it occurs naturally in the full range of amphibole
habits. its asbestiform variety is known to cause mesothe-
lioma and fung cancer in both man and animals, it is widely
distributed. and it is known to occur in a number of important
industrial mineral products.

A number of well-characterized samples of nonasbesti-
form tremolite and tremolite-asbestos have been used in ani-
importance of these samples is that they represent a range in
naturally occurring'mineral habit that has not been evaluated
for any other mineral. The tremolites include samples with
numerous fibers of a fibrillar or asbestiform habit. samples
in which only part of the tremolite is fibrillar, and samples
lacking tremolite particles of a fibrillar habit altogether
(nonasbestiform). We have examined the tumor response of
these samples (established through animal experimentation
by independent researchers) as a function of the dose of
fibers longer than 5 wm with widths less than and greater
than 1 xm. Only tremolite particles with a length to width
ratio of 3:1 or greater (NIOSH fibers) were included.

Davis and co-workers have recently released the results
of injection experiments that used six samples of tremolite:
California tremolite-ashestos from Jamestown: Korean
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TABLE Il. Continued

the respirable fraction of these

dusts and administered it to

Percent less than ‘ ‘ )
rats by using the intraperi-

Mineral Length stated widths or

and Reference Instrumentation Restriction mean width (zm) toneal injection technique.
Chrysotile Measurements_ of Wldth and
5 i length for the fibers in the pop-
referent TEM >5um mean width = 0.151£0.18 | ione™ were  collected by

4 environmental TEM >5um mean width =0.13x 0.25 scanning electron microscopy
%4 occupational TEM >5um mean width =0.13+ 0.16 after deposition on 02 um
63 textile plant TEM >5um mean width = 0.10 + 0.02 pore-size polycarbonat.e l;i|_
" mine TEM =5 um mean width =0.07+ 0.01 ters. Davis and co-workers
8 TEM None mean widths =0.07, 0.07, prO\}ide dimensional data for

0.07,0.07,0.04,0.11 . .

26 N ' ' approximately 450 particles
;5: shipyard and TEM >4um 100%<0.25 from each sample. The doge in

- terms of number of particles

construction TEM >1pum 25%<0.03; 75%<0.06 per milligram of dust was ob-

::: TEM None 1OO%<9'07 +0.02 tained directly from the data of

TEM None mean width 0.09+ 0.15 Davis and co-workers.®*

mean W'.gtﬁ 8'07 +0.06 In earlier work Stanton re-

mean width 0.08+ 0.06 ported the results of 72 rat

Anthophyllite pleural implantation experi-
8 TEM None 80%<1 ments involving approximate-
(551 TEM >1um 25%<0.17; 75%<0.44 ly 30 different inorganic
85) TEM None 50%<0.67 materials.”"* Among these ma-
Tremolite terials. one tremolite-asbestos
o referent TEM Z5um mean width = .66 0.48 ple comes from California, but
=9 environmental TEM >5pum mean width =062 0.74 4" ¢ o riin i unknown
% occupational TEM >5pm mean width =030+ 0.25 | 4 o tremolite A, B, and C, this
2 textile plant TEM >5um mean width =035 0.04 o olite possesses all  the
2 mine TEM >S5 pm mean width =032+ 0.02 oo toristics of commercial
:::: chipyard and TEM None mean widths =0.24, 0.31 asbestos. In this paper it is re-
construction TEM >1um 25%<0.23; 75%<0.57 ferred to as tremthe D'.Aanth'

' er Stanton sample identified as

Actinolite Talc 6 is a commercial
(58 TEM >1um 25%<0.15; 75%<0.37 tremolitic talc from the state of

New York identified from

tremolite-asbestos; tremolite-asbestos from a laboratory in
Swansea: fibrous Italian tremolite (Ala de Stura); tremolite
from Carr Brae, Dornie, Scotland; and tremolite from Shin-

Stanton's laboratory notes as
Nytal 300. This sample contains 40-50% tremolite cleavage

fragments. It is referred to as tremolite H in this paper.
Stanton and-ee-workers did not provide adequate dimen-

ness. Scotiand. ™™ Tn this paper. these samples are identified
as tremolite A, B, C, E, F, and G, respectively. Tremolite A,
B, and C are composed primarily of tremolite-asbestos.
Fiber bundles, curved flexible fibers, and small fibril widths
are evident from optical microscopic examination of the
samples. Tremolite E (Italian) consists of very long, highly
unusual, single, needle-like crystals. with limited flexibility.
Many of these fibers are twinned and in subsequent analysis,
an ashestos subpopulation was reported.”*"* Sample F
(Dornie) is composed primarily of tremolite cleavage frag-
ments. However. a small portion of the sample contains fiber
bundles of tremolite-asbestos. Tremolite G (Shinness)
was obtained by crushing large prismatic crystals. and it is
composed entirely of cleavage fragments. Davis and co-
workers packed the samples into cylinders of Timbrell dust
dispensers and airborne dusts were generated. They collected

sional data to evaluate width satisfactorily. and it was neces-
sary to re-examine both tremolite D and H. Samples of
tremolite-asbestos | and 2 (tremolite D) and of Talc 6
(tremolite H) were obtained from the National Cancer Insti-
tute and prepared for analysis by gentle sonication in dis-
tilled water and filtration on a polycarbonate filter. Portions
of the filters were mounted on a polished SEM stub and car-
bon coated. For Talc 6, the filters were scanned at 5000X and
the chemical composition of particles longer than 4 um was
established by energy dispersive spectroscopy (EDS). The
particles were identified as tremolite or "‘other" from their
chemical spectra. and their dimensions were measured and
recorded. Fortremolite D, the samples were photographed at
5000X. All particles in the photograph with lengths longer
than 4 um were measured. From each population 100-150
particles were measured.
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Stanton provided estimates

TABLE Ill. Bulk and Airborne Particles— Asbestosand Other Fibers

of the number o_f part?cles Percent less than B
longer than 4 um in a micro-  wMineral Length stated widfhs or
sram."” From our measure- and Reference Instrumentation Restriction mean width {em)
ments of tremolite-asbhestos D. Crocidolite
i 0,
we d_etermmed that 74% of the Cape Province
particles longer than 4 xm met a.  BukSamples
the definition of a NIOSH SEM >5pm 98%<1.0; 85%<0.5
fiber. We also determined that 56)
. uICC TEM None >98%<1.0; >90%<0.5
99% of the NIOSH fibers of 83) o
. : . uicC TEM None mean width =0.23+ 0.06
tremolite had widths less than ) A aao
or equal to 15 um, 88% had TEM >2um 99%<1.0; 99%<0.5
. ' ’ @ yICC TEM None median width =0.20
widths less than or equal to 1.0 50) N
. ¢ SEM None mean width =0.35
wm, and 52% had widths less
than or equal to 0.5 um. From (2S.D. = 0.78 ~0.16)
| 6o TEM None mean width =0.12
these data we calculated the (2SD. = 0.31 - 0.05)
number of NIOSH fibers. per I :
total dose and the number of b.  Airborne
fibers within each of the width 69) TEM None 98%<0.4
categories. (69 TEM >5um 90%<0.3
From Talc 6 (tremolite H), 2 TEM >4 um 88%<0.375
we used the number of particles 14s) TEM >5pum 98%<1.0; 82%<0.5
per microgram longer than 4 8 yICC TEM >0.25 um 99%<1.0; 88%<0.5
wm provided by Stanton. From @ TEM None 99%<0.5
our analysis. we determined A
. Crocidolite
that 30% of those particles
Transvaal
longer than 4 wm were NIOSH a.  Bulk Samples
fibers of tremolite. Of these 64 .
. ! <1.0:65%<0.5
9% had widths less than or TEM Z2um 89%<1.0:65%
equal to 1.5 um, 9% had widths  Crocidolite
less than orequal to 1.0 umand  Australia
0% had widths less than or a. BulkSamples
equal to 0.5 um. As was the at TEM >2um 100%<1.0; 99%<0.5
case for tremolite D. we calc_u- Crocidolite
lated the number of tremolite o
. Bolivia
NIOSH fibers per total dose a.  BulkSamples
and the number within each of s TEM >2um 85%<1.0; 60%<0.5
the width categories.
Smith and co-workers re-  Amosite
ported the results of intrapleur-  Transvaal
al injection of four tremolite a. BulkSamples
samples into Syrian ham- 50) SEM >5um 91%<1.0; 50%<0.5
sters - Only timmited informas BE—GICT TEM None 98%<T.0:80%<eg5
tion on the size distributions of 72 UICC >5um 92%<1.0; 72%<0.5
these samples -was published, ®» UICcC TEM None mean width = 0.47+ 0.17
but one sample. FD-14, was €0 SEM None mean width =0.55
available for additional analy- (2S.D. =1.29-0.23)
0} TEM None mean width =0.35

sis. Sample FD-14 was an off-
the-shelf sample of tremolitic
talc from the state of New York
that contained approximately

(2S.D. =1.22 -0.10)

50% nonasbestiform tremolite. The samples were examined
by SEM at 2000X and the particles were identified as tremo-
lite based on their chemical composition. Five hundred
tremolite particles were measured of which 64 met the defin-
ition o fa NIOSH fiber. Data regarding the number of tremo-
lite NIOSH fibers in a microgram were not available for this
sample. Interestingly, very long fibers of the mineral talc

that have narrow widths and a fibrillar structure occur in this
sample. This sample is referred to as tremolite | in this paper.

RESULTS

There are several ways to examine the width data. First, the
correlation between tumor incidence and the dose of NIOSH
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TABLE 111. Continued

between tumor incidence and
the number of NIOSH fibers

Percegt Iegt?]than

Mineral Length stated widths or per total dose administered
and Reference Instrumentation Restriction mean width («zm) with widths less than or equal
- to | um is shown in Figure 2.

b.  Airborne This figure shows a dose-re-

(69) TEM None 95%<0.4 sponse relationship in the form

(©9) TEM >5um 45%<0.3 of an s-shaped curve suggest-

(52} TEM >4 um 66%<0.375 ing a threshold and a rapid in-

162) PCM >5um 99.4%<1;94.2%<0.5 crease in tumor incidence as

(61) SEM None 95%<1.0; 80%<0.5 the number of these thin (<T

® (inc.croc.) TEM None 95%<1.0; 70%<0.5 um) fibers increases. The
Chrysotile curve in Figure 2 is derived
Quebec from_a least-squares linear re-

a. Bulk Samples gression of the form:

(50) SEM >5um 99%<1.0; 94%<0.5 )

®)  UICC TEM None mean width = 0.17 + 0.03 logit=

@ yice TEM None median width =0.15 m(log of total dose = 1 um)+b

(67) PCM 82% >5 um 81%<1.0

where

b.  Airborne .

(69) TEM None 98%<0.4 logit = m( % tumor )

(69) TEM >5um 61%<0.3 1 =% tumor
Chrysotile The equa}tion for the curve i_n
California F]gure 2_|s s.h.own below and is

a. Bulk Samples highly significant (R? = 0.84,

(50) SEM >5um 99%<1.0, 94%<0.5 p<0.005):

50 TEM >5um 100%<1.0; 98%<0.5

_ logit =3.04(log total dose
Chrysotile <1lum)-6.25
Rhodesia

a. Bulk Samples . A straight linear regression

mean width = +0.04 .

e uiec TEM None 0.16 of the form below is also high-

_ L .
Chrysotile ly significant (R : 9.90,
Vermont _ p<0:005). Ip the_z data in Figure

b.  Airborne 2. this equation is:

(74) TEM 400X >5um 63%<1.0

(74) TEM 20K X >5um 90%<1.0; 71%<0.5 % Tumor =49.3(log total dose

) =1lum)-54.6
Anthophyllite
Finland Another way to illustrate

a. Bulk Samples the importance of width rela-

56 IUCC TEM None 90% .(1 0; 680%<0.5 tive to UImMor Tesponse is to

@ yIcce TEM None median width = 0.61 characterize the samples in

b.  Airborne terms of the percentage of

51 TEM None 70%<1.0; 40%<0.5 NIOSH fibers that have widths

fibers wider than 1 wm is illustrated in Figure 1. It is clear
that the dose of wide fibers (> 1 um) shows no relationship
to the likelihood of producing tumors. It is important to note
that the number of wide (>1 pm) NIOSH fibers in the dose
of tremolite in the cleavage fragment samples (G, F, and H)
is comparable to that in the tremolite asbestos samples.
Thus, the argument that more tumors might have been ob-
served if there had been more wide NIOSH fibers in these
samples is not supported. In contrast, the correlation

of less than | um. It has been
shown in most cases that up to
30% of ordinary cleavage frag-
ments of amphibole longer than 5 x«m have widths lessthan 1
wm, and more than 90% of asbestos fibers have widths less
than 1 x«m (all asbestos fibrils will be less than 1 wm). (See
Tables | and III.) Therefore, the proportion of a fiber popula-
tion with small widths is a measure of the asbestos-like na-
ture of the population or of the abundance of the asbestiform
components in a sample. Figure 3 shows the correlation be-
tween tumor incidence and the percentage of the trernolite
NIOSH fiber population that has widths less than 1.0 um. By
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TABLE ill. Continued

Percent less fhan

A straight linear regression of
the data using the equation
below is also highly significant

Mineral Length stated widths or
and Reference Instrumentation Restriction mean width (zm) (R*=0.93. p (0.005):
Actinolite-asbestos % Tumors =
a.  Bulk Samples , 1.2(% fibers <1 um) - 14.4
349 Minnesota TEM None mean width = 0.41
50%<0.24
79 South Africa SEM >5pum 96%<1.0; 70%<0.5 DISCUSSION
::: ;Em Egn:m ggz::(l)g?icjgi;oéos Figures ! and_ 2 contrast the
22) TEM None median ‘wi’dth -0 1’7 pleural and perltone_al tumor re-
Fed. Rep. Ger. ' sponse (mesothelioma) pro-
Tremolite-asbestos duced by wide and thin
a. Bulk Samples tremolite NIOSH fibers. For
2 Montana TEM >5 pum 87%<1.0; 54%<0.5 wide NIOSH fibers alone, there
" Montana TEM None 81%<0.6; 67%<0.4 is no regular dose-response re-
77 Metsovo TEM None 96%<0.6; 85%<0.4; lationship, whereas for thin
64%<0.2 fibers, the s-shaped curve indi-
) cates a strong relationship
Eé) ﬁ"bome TEM 0.4 um 99%<1.0: 90%<0.5 betv_ve_en dose and carcino-
t MzrniZna TEM >5.um for w >6 ;5' 98%<- 1.24; genicity. Furthermore’ as illus-
93%<(') Bé- 68%<6Gé trated -by Figure 3 as the
" - proportion of tremolite NIOSH
Tremolite-asbestos fibers with widths greater than
and tremolite 1 wm increases, the tumor inci-
a. Bulk Samples dence produced by the sample
20 S Carolina TEM >5um 81%<1.0; 48%<0.5 decreases. Complicating this
79 India SEM >5pum 61%<1.0; 34%<0.5 somewhat simple picture is the
fact that as the width of fibers
Asbestos, mineral D increases. the number of fibers
nOtSpe_Ciﬁed per microgram must decrease.
(ts)s;) Alrborne TEM None 80%<0.43 Hence, the number of wide
o fibers will always be less than
Wooly Erionite the number of narrow fibers in
a. Bulk Samples samples of equal weight.
@2 Turkey TEM None median width = 0.38 Notwithstanding this reality,
22 Oregon TEM None median width = 0.21 however. is the observation that
@v  Oregon TEM None width range=0.01-0.13  Without thin fibers, tremolite
mean width = 0.03 NIOSH fiber populations are
not associated with the induc-
Nemalite tion of pleural or peritoneal tu-
n a.  BulkSamples I - e mors in animals. It is also made
- oW NOTTE meanwiatn=U:00

this measure an increase in tumor incidence is again ob-
served as the proportion of tremolite fibers <1.0 um in
width increases in the population. The curve in Figure 3 is
derived from a least-squares linear regression of the form:

'+ logit =m(% fibers =1 wm)+b
.

The equation for the curve in Figure 3 is shown below and is
highly significant (R' =0.85, p <0.005):

logit =0.008(% fibers = | um) -4.6

clear in these figures that char-
acterization of populations of
nonasbestiform tremolite by
the NIOSH aspect ratio criterion for fibers produces an index
that shows no relationship to mesothelioma risk.

The tremolite samples can be divided into three groups
based on their carcinogenic potential: those without signifi-
cant response, those with intermediate responses, and those
that produce tumors in almost all the experimental animals.
Criteria for a "'significant'" response varies according to the
experimental animal, the level of total dose, the method and
location of sample introduction of the fibers, latency, and
experience of controls. Davis and co-workers indicate that
by, intraperitoneal injection, tumor responses in less than
10% of the animals are insignificant. For Stanton and
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co-workers, 30%tumors were necessary for a significant re-

sponse by pleural implantation.
Samples G, H, and | fall into the first category. Two of

these samples are tremolitic talc from the state of New York

{H and 1). The high proportion of wide 1
these samples is a clear indicator that the tremolite is
nonashestiform.

Samples E and F produced intermediate tumor responses
in the animals. However, while sample E produced a high
proportion of tumors. the mean survival time of the animals
was almost twice that of the animals injected with tremolite
A, B. and C, leading Davis and co-workers to conclude that
tremolite E represented one-fortieth the hazard of tremolite
C, a relationship not evident from the total tumor response.
The intermediate responses might be expected from these
two samples based on their mineralogical characteristics.
Sample E contains a large proportion of highly unusual
mineral fibers that lack a recognizable fibrillar structure.
Other researchers. employing higher resolution electron mi-
croscopic techniques. report an ashestos subpopulation in

7% TUMORS
100
@cC
90 B
02 e D1
79 ®
60, E®
50|
40 |
}L-%-I Fe
G ® H
I I I I
1 2 3 4
6
LOG TOTAL DOSE (TREMOLITE NIOSH FIBERS X 10 ) WITH WIDTH > 1.0 UM
A Addison—Davis Cafifornia Tremolite Asbestos F: Addison—Davis Dornie Tremolite Ciecvoge Fragments/
B: Addison—Dovis Koreon Tremolite Asbhestos
) ) ; Asbestos
< Addrson—Dovrs__Swonseo Tremolite Asbestos G: Addison—Dovis Shinness Tremolite Cleovoge Fragments
D1: Stonton Tremolite Asbestos 1 H: Stonton Talc 6 Tremolite (Non—osbestiforrn)
D2: Stonton Tremolite Asbestos 2
E: Addison—Dovis italian Tremolite Asbestos/Cleavoge
Frogments
Figure |. Percentage of tumors observed in experimental animals after exposure to tremolite as a function of the total dose of
tremolite (numberof fibers) equal to or longer than 5 xm, wider than | w.m, and with an aspect ratio equal to or greater than 3

this sample.""*" The long latency observed in the animals in-
jected with this material might reflect a slow disaggregation
of twinned or possibly asbestiform fibers. This hypothesis is
further supported by the fact that the number of fibers per

NIOSH fibers with widths less than 1um, in sample Eisless
than in sample F. The inverse correlation between dose and
response could be explained by sample alteration in vivo as
well as by several other mechanisms resulting from differ-
ences in surface properties. A comparison between the width
distribution of the sample and the width distribution of the
fibers found in the lung is necessary to evaluate the hypothe-
sis that disaggregation occurs in vivo.

Sample F contains a small proportion of asbestiform
fibers. The limited response of the animals to this material is
most likely due to a low dose of asbestos. Davis and co-
workers characterize this sample as unlikely to be carcino-
genic to man given the marginal biological response
observed in what is generally regarded as the most sensi-
tive animal tumor induction technique (intraperitoneal
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Z TUMORS
100
90
80
70]

60
50

A Addison—Davis California Tremolite Asbestos
B8: Addison—Dovis Koreon Tremolite Asbestos

C: Addison—Dovis Swonseo Tremolite Asbestos
D1: Stonton Tremolite Asbestos 1

D2: Stonton Tremolite Asbestos 2

Frogments

greater than 3

injection). Tumors have been induced with this test
through the introduction of substances as benign as saline

solution.”"**
Tremolite-asbestos samples A, B, and C produced pleur-

6
LOG TOTAL DOSE (TREMOLITE NIOSH FIBERS X 10 ) WITH WIDTH < 1.0 UM

E: Addison—Davis ftalian Tremolite Asbestos/Cleavage

Figure 2. Percentage of tumors observed in experimental animals after exposure ro tremolite as afunction of the total dose of
tremolite (number of fibers) equal to or longer than 5 4m, less than or equal to / «#m wide, and with an aspect ratio equal toor

I ]
3 4

F Addison—Dovis Dornie Tremolite Cleovoge Froagments/

Asbestos
G: Addison—Dovis Shinness Tremolite Cleovoge Frogments
H: Stonton Tale 6 Tremolite (Non—asbestiform)

elsewhere, reasonable assumptions about lung cancer can be
made with respect to the tremolite samples discussed here. It
has already been established that excess lung cancer and
mesothelioma are not evident in human populations exposed

al tumor incidences in excess of 95% with very short ratency

periods. While tremolite-asbestos samples D1 and D2
produced 75%.and 79% tumor incidences, respectively,
Stanton considered this response equivalent to a 100%tumor
probability.

Because the tremolite studies did not involve inhalation
exposures in either man or animals, they do not directly test
carcinogenic potential relative to lung cancer. However,
human epidemiology, lung burden data, and animal experi-
mentation previously discussed support the hypothesis that
as the number of ashestos and certain other fibers with
widths below 1 wm (and 5 «m or longer) increases, the risk of
both lung cancer and mesothelioma increases as well. There-
fore, to the extent mesothelioma tumor experience
observed in these tremolite animal studies is consistent with
both fiber-size observations and biological response reported

Ofly t0 amphibol€ Tleavage fragments oat (HEY are evident
for human populations exposed to tremolite ashestos.

CONCLUSIONS

Combining tremolite samplesthat have been administered in
different ways and to different animal groups such as we
have done may appear to overlook important distinctions
among these approaches. Despite this simplification, the
data show a systematic relationship between dose based on
width and mesothelioma tumor response in animals. It
should also be noted that by using only the Addison and
Davis data, the relationship of tumor response to fiber width
remains strong. Furthermore, the fact that asbestos, with its
unique dimensions, is known to cause lung cancer and pneu-
moconiosis suggests that width is related to respiratory
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% TUMORS

100

A Addison—Dovis California Tremoiite Asbestos

B: Addison—Davis Korean Tremolite Asbestos.

C: Addison—Davis Swonseg Trernolite Asbestos

D Stonton Tremolite Asbestos

E: Addison—Davis italian Trernolite Asbestos/Cleavage
Frogments

diseases other than mesothelioma. It seems clear that width
is an extremely important variable that to date has been over-
looked in regulatory policy. While fibers from a tenth to 200
wm long have been found in human lung tissue, it is the nar-
row width of these fibers that has given them access. A fiber
15 um long and 5 um wide meets the NIOSH criteria for a
fiber, but such a particle is highly unlikely to cause disease
in humans because it cannot gain access to a human lung.

% TREMOLITE NIOSH FIBERS < 1.0 UM

F Addison—Dovis Dornie Tremolite Cleovage Fragments/

G: Addison—Dovis Shinness Tremolite Cleovage Frogments

H:

1: Smith FD~ 14 Tremolite Cleavage Frogments

Figure 3. Percentage of tumors observed in experimental animals after exposure o rremolite as afunction of the percentage o
tremolite equal or longer than 5 xm with an aspect ratio equal to or greater than 3 that have widths less than or equal to | zm.

1 H t T T

60 70

Asbestos

Stanton Talc 6 Tremolite Cleavage Fragments

Regulatory policy should also recognize that there exists
anatural background of mineral particles that are longer than
5 um and have widths less than 1 .m, which are not asbestos
and which, from all evidence, are not associated with any
carcinogenic risk. Nonasbestiform amphiboles, pyroxenes,
feldspar alumino-silicates, and even phyllosilicates may
form elongated fragments when they are crushed, and some
will be of this size. However, populations of these elongated
mineral fragments are easily distinguished from populations

Not only is width a useful indicator of mesothelioma tumor
induction, but a dose-response with a threshold is indicated
aswell.

We propose that NIOSH fiber size parameters used in the
quantification of asbestos be modified to include only parti-
cles longer than 5 wm with widths less than 1.m and that the
use of the aspect ratio criterion be abandoned. Furthermore,
in monitoring airborne asbestos particles or in determining
the weight percentage of asbestos in bulk mineral samples,
all 5 wm or longer particles that exhibit a fibrillar structure
should be included as possible asbestos regardless of width.
The potential of fiber bundles to disaggregate, in the air or in
vivo, appears to be one of the most hazardous aspects of as-
bestos. The observation of fiber bundles should be included
as part of the asbestos identification procedure. Electron
and/or polarized light microscopy of the bundles would be
necessary to determine the mineral composition.

of asbestiform mineral fibers and vice versa. By establishing
thresholds and meaningful definitions, asbestos regulations
will not be extended to harmless rock fragments unnecessar-
ily. While we may advocate asbestos regulation based on
specific widths, we fully recognize that the scientific basis
for regulation comes from populations of mineral fibers and
that if asbestos is present in a population of mineral parti-
cles, the full range of its dimensions will also be present. It
must be stressed that our recommendations have been de-
rived from data and literature references on minerals whose
asbestiform variety is known to be carcinogenic. Given the
broad range and complexity of physio-chemical properties
typically associated with mineral dusts, it is not reasonable
to assume similarly sized particles of different minerals will
act the same way once in the human lung. Therefore, the au-
thors do not advocate the untested application of dimensional
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observations addressed in this paper to all elongated parti-
cles. Rather. their application should be restricted to as-
bestos until such time that their relevance to other materials
can be empirically demonstrated.

[t is clear. however. that dimensional parameters can be
effectively applied to distinguish asbestos dust populations
and other fibrous dust exposures from common cleavage
fragment dust exposures. This distinction appears to be both
dose and risk dependent as well. It is also reasonable to con-
clude that all fiber populations of similar width. length, and
crystal morphology as asbestos should be viewed with cau-
tion and perhaps given deference with respect to biological

testing.
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