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Foreword

Asbestos has been a highly visible issue in public health for over three decades. During
the mid- to late- 20th century, many advances were made in the scientific understanding
of worker health effects from exposure to asbestos and other mineral fibers and it is now
well documented that fibers of asbestos minerals, when inhaled, can cause serious
diseases in exposed workers. Yet, as we enter the 21st century, many questions and areas
of scientific uncertainty remain. For instance, because of the complexnty of the

_ mineralogy, the scientific literature contains various 1ncons15ten§es in'the definition and
application of the term asbestos for health protection guldgwnpc%nd regulatory purposes.

e

Nt
As the federal agency resp0n51ble for conducting resiggch and maﬁn&,recommendatlons
for the prevention of worker injury and illness, thefNatlonal Institute forp.ccupatlona]
- Safety and Health (NIOSH) is undertaking a 21s i century reappralsal of the ‘areas of

5, L
research needed to pursue on its own, and in ] ab%gtlon ﬁvgt%h others. NerSCIentlﬁc
knowledge will be generated to serve as the basis fo&evndence “based publlc *health
policies for asbestos and other mmeral fibers. Asa first: step in a science reappraisal
effort, NIOSH convened an internal W&L&& group to developﬂa,roadmap for future
scientific research and policy developmen 22 The NIOSH Mmera’l«%Flbers Work Group
authored Asbestos and Other Mineral F, zber *ﬁ?Roadmap for Sczentgf ¢ Research which’
summarizes NIOSH's current understandmg of o%atlonalfﬁposure and toxicity issues
concerning asbestos and other-mineral fibers. e*Most lmportantly, the Roadmap outlines a
research program thz}&fwﬂl pr@’ﬁde answers Fgggurrent scientific questions, reduce
scientific unccrtamtles;and prowde a sound’ scg&f ic foundation for future pollcy

development.

nimen th occupatlonal health issues identified and the fiber
research‘gﬁategy su@ed in the*Roadmap NIOSH seeks other views about additional
key i 1ssues that need to beoldentlﬁedr’"adltlonal research that needs to be conducted, and
suggested—methods to condggt the résearch. In particular, NIOSH is seeking input from
stakeholderS“concemmg stlidy designs, techniques for generating size-selected fibers,
-analytic approaches sources of particular types of fibers suitable for experimental
studies, and worker}populatlons suitable for epidemiological study. NIOSH is interested
in available and forthcé%mg research results that can help answer the questions set forth
in the Roadmap. Inférmation also is requested on existing workplace exposure data, .
health effects, and control technologies.
NIOSH recognizes that results from fiber toxicity research-may impact both occupational -
as well as environmental health policies and practices. Many of the issues that are
important in the workplace are also important to communities and to the general
population. Therefore, NIOSH intends to pursue partnerships with Federal agencies, -
including the Agency for Toxic Substances and Disease Registry (ATSDR), the
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Consumer Product Safety Commission (CPSC), the Environmental Protection Agency
(EPA), the Mine Safety and Health Administration (MSHA), the National Institute of
Standards and Technology (NIST), the National Institute of Environmental Health :
Sciences (NIEHS), the National Toxicology Program (NTP), the Occupational Safety and
Health Administration (OSHA), and the United States Geological Survey (USGS), as
well as with labor, industry, academia, practitioners and other interested parties. These
partnerships will help to focus the scope of the research that can contribute to the
scientific understanding of asbestos and other mineral fibers, to fund and conduct the
research activities, and to-develop and disseminate educational mdterials describing
results from the mineral fiber research and their implications _Sgr_‘)_:f'i(‘)ccﬁf)ational and public
health policies and practices. ' =

_-g,"..’f\

John Howard, M.D. . o &
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Executive Summary

Prior to the 1970s, attention concerning the health effects of fibers was focused on six
commercially exploited minerals termed “asbestos:” the serpentine mineral chrysotile,

and the amphibole minerals amosite, crocidolite, actinolite asbestos, anthophyllite .
asbestos, and tremolite asbestos. The realization that fiber shape might be more

important than chemical composition in explaining the health effects of asbestos

broadened interest to man-made fibers (e.g., synthetic vitreous ﬁb’e&i'“s\[SVF]) and to other

naturally occurring mineral fibers. To date, interest in the lat’geghas emphasized the -

importance of fibrous minerals explonted commercially (e. gﬂ‘f ollastonite, sepiolite, and
attapulgite) or found as- contaminants in certain mined CO[medltleS {&-g., richterite and

winchite in vermiculite). Production and use of asbest@\g imthe US and\worldmde has

- been steadily declining, but there is still keen mtere‘ﬁTn determining {ﬁé; blologlcal

significance of occupational exposure to many @f;these mmera]s

ES ﬁg_w& ﬁ%.,
The term “mineral fibers” has included fibers that ha\ge£grewn ‘haturally in dn asbestiform .
habit as well as fibers that grow as needle-like (acwular mgIe crystals and fiber-like
particles that result from the fracture of: mineral along cleavage planes. Mineral fibers
that grow in asbestiform habits are clearly ol :‘ealth concerris;Bespite considerable
research, it remains uncertain, as well as‘i‘cohtrove“ i lhwhethig'pamcles with similar o
dimensions from similar minerals, but witk, nonasbestlfenn -habit, represent a SImllar

health concern. %{fﬁ ;;?y

%
Regulatory deﬁnltléfiég:of asbestos used the bestavailable information at the time they
e
were developed and dealwlth thyncertamhegm identifying minerals covered, as well
as llmltatlons Jnithe analytlcalfﬁlzthodS%commonly used.
, - N

oo AT
ﬁ;%«mn;‘g -:wxﬁ

"q“s;ﬁ'i”‘m

For overwa decade, theNIOSH Recommended Exposure Limit (REL) has defined
a;rbomeasbestos fibers agithose partlcles that, when examined using phase contrast

g e
microscopyazhave: (1) an aspect ratio of 3:1 or greater and a length greater than § pm; and
(2) the mlr?eraloglc charactgristics (i.e., the crystal structure and elemental composition)
of the asbestostt m::‘grals (chrysotile, crocndollte amosite, anthophyllite asbestos, tremolite
asbestos, and actmohte asbestos) or their nonasbestiform analogs (the serpentine minerals
antigorite and llzardlte and the amphibole minerals contained in the cummingtonite-

 grunerite mineral series, the tremollte-ferroactmohte mineral series, and the glaucophane-

rlebecklte mineral series).

Several issues have been raised about the minerals covered by this definition. The first
issue is whether other fibrous minerals, amphiboles and zeolites, should also be included,;
the second is whether the inclusion of fiber-like cleavage fragments of nonasbestiform
amphiboles is appropriate; and the third issue is whether the specified dimensional
criteria for fibers are appropriate.

iii
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Phase contrast microscopy (PCM) is the primary method used for analysis of air samples,
but it has several limitations including: resolution is limited to fibers greater than about
0.25 pm in diameter and it cannot differentiate between different minerals. The
analytical methods used for asbestos take on substantial significance because the current
‘REL is set considering the limit of quantification of the PCM method rather than solely
on estimates of risk. With a lower limit of quantification, a lower REL may have been
proposed to reduce the risk of occupational cancer among asbestos-exposed workers. In
applying the asbestos definition, it is important to have an analytical, method and protocol
that is practlcal and reliable and able to discriminate between types offibers.

To reduce the uncertainty and controversy. concerning expé’gure“a%sessment and health
effects of asbestos and other mineral fibers, strategic reséarch endeavors are needed in
-toxicology, epidemiology, exposure assessment, and»ar’]ﬁzlytlcal methodsaaThe resulting
science can contribute to the potential developmént of new policies for asbestos and other
mineral fibers with recommendations for expo‘*’s?lre ll’ldlCCS ‘that more effectwely protect
workers’ health. To bridge the uncertainty gaps, thlsﬁoadmap.&proposes tociddress the
following three strategic goals: (1) to develop 1mproved-'” ampling and analytical methods
for fibers; (2) to develop information® on, occupatlonal eXpo: sures to fibers and health
outcomes; and (3) to develop a broaderxunderstandmg of thié: 1mp0rtant determmants of
toxicity for ﬁbers and fiber-like cleavagemf-;%grﬁ'énts =
’ﬁ% #

Developing improved sampling and analytncal-methods "F“ fibers will involve: (a)
reducing 1nter-opera§})£’§;d"1ngeji'-Iaboratory varlablllty of the current fiber analytical
methods; (b) developmg fiber analytlcal metheds with improved resolution to visualize
smaller diameter fibers, & assure;g_gre complete ¢ fiber counts; (c) developing a practical
analytical method to dlfferent;ate between alrbome exposures to asbestlform f bers from

s cals

and vahdatmg thoraclc =575 ze method?‘for fibers.
=N “egg ) 4

Developmgunformatnon and@knowledge on occupational exposures to fibers and health
outcomes w1ll'mvolve (a) C%Tlectmg and analyzing available occupatlonal exposure
information to as'geartam thg’characterlstlcs and extent of exposure to various types of
fibers and to fi ber-like: cleavagc fragments; (b) collecting and analyzmg available
information on health"outcomes associated with exposures to various types of fibers and
fiber-like cleavage fragments, and (¢) conducting epidemiologic studies of workers
exposed to various types of fibers and fiber-like cleavage fragments to better define the -
association between fiber exposure and health effects.. '

Developing a broader understanding of the important determinants of toxicity for fibers
and fiber-like cleavage fragments will involve conducting in vifre and animal studies to
ascertain what physmal and chemical properties influence the toxicity of fibers and fiber- '
like cleavage fragments. : g
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As the Roadmap makes clear, the ideal outcome of a comprehensive research program for
asbestos and other mineral fibers would be the development of a unified theory of
toxicity for thoracic-sized mineral fibers. A unified approach would specify criteria, such
as a range of chemical composition, dimensional attributes (e.g., length range, diameter
range, aspect ratio), and dissolution rate/fragility (biopersistence), for inclusion of fibers
as potentially toxic. It would be particularly advantageous if these criteria could be based
primarily on results from ir vitro or short-term in vivo studies. This would reduce the
need for comprehenswe toxicity testing and/or epidemiological evaluation of each

e
material. Such an approach would have the advantage of rdentjfymg the pertinent
qualities and attributes of fibers, and newly identified or manufactured fibers could be
compared to the criteria to determme a likelihood of health eff?ﬁt%?A umf" ed theory of

mcorporates this understandlng of the toxicity” of”f' bers could then be developed to

minimize the potential for disease. vg;: £ &

=

Achievement of the research goals proposed in Asbestoswa@d COther Mineral F ibers: A

Roadmap for Scientific Research will r¢ requn'e a_ﬁsngmﬁcant mv%tﬂment of time, scientific
talent, and resources by NIOSH and its partners wAchlevmg theigoals of the Roadmap,
though, will be well worth the investment, because~the;occupatronal health protection

policies that NIOSH recommends for asbestos Znd other mmeral fibers must be based on
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1 INTRODUCTION

Prior to the 1970s, attention concerning the health effects of fibers was focused on six
commercially exploited minerals termed “asbestos:” the serpentine mineral chrysotile,
and the amphibole minerals amosite, crocidolite, actinolite asbestos, anthophyllite
asbestos, and tremolite asbestos. The realization that fiber shape might be more important
than chemical compasition in explaining the health effects of asbestos broadened interest
to man-made fibers (e.g., synthetic vitreous fibers [SVF]) and to other naturally occurring
mineral fibers [Stanton et al. 1981]. To date, interest in the lattergfé;@emphasized the
importance of fibrous minerals exploited commercially (e.g., Wellastonite, sepiolite, and
attapulgite) or found as contaminants in certain mined commodities (e.g., richterite and

Lo . P P
winchite in vermiculite). Many of the asbestos and other fibrousminerals typically occur
in trace amounts or in veins with other minerals in geo'logicaforma\ﬁg%sthoughout the
United States. The biological significance of occugational exposure to.many of these

g g , LD P many

minerals remains unknown and difficult to ascerfain given,the mixed anﬁ%d adic nature
of exposure in many work environments and«%ﬂeral lack.of good exposure
characterization information. A ’

This document considers naturally oc%ﬁming minerals that are the source of particulates
meeting the definition of fiber (see Gl(‘;'::;{;a“lgr’).w The'varyingfé"?h]inelogy used to name
and describe these naturally occurring mihenffi‘lskhagjled to uncertginty and confusion. In
an attempt to minimize uncertainty and confusio;{?‘k‘e ‘ms-are defined in the Glossary
(Section 5).

Although this docuffent.focuses on the naturally occurring minerals, a substantial effort
X .G N ey e s .

has gone into investigating.expesures to, and haalth effects of, some of the synthetic

vitreous fibers.,The observed-similariti€s-and-differences among various fiber types may

be instructiVie-in-developing an overall policy for asbestos and other mineral fibers.

To gedu\c(_:g\the 'uncertaintyﬂ_gsgd contvréy concerning exposure assessment and health
effects of-asbestos and other mineral fibers, strategic research endeavors are needed in
‘toxicology, epidemiology, exposure assessment, and analytical methods. The resulting

- science can inform.the pogltial development of new policies for asbestos and other

- mineral fibers with recommendations for exposure indices that more effectively protect
workers’ health. What:follows is an overview of the current understanding and
uncertainties associated with asbestos and other minerals. -

1.1 Minerals, Mineral Fibers, and Asbestos

Minerals aré typically crystalline substances comprised of inorganic elements and
compounds, and are defined by their distinct structure and elemental composition.
Asbestos is a term applied to silicate minerals from the serpentine and amphibole groups
that grow in a fibrous habit and have propertics that have been commercially valuable.

Asbestos and Other Mineral Fibers: A Roadmap for Scientific Research _ Page 1 of 47
NIOSH : '
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The crystals of asbestos minerals form long, thin, flexible fibers when separated.

Minerals in the serpentine group are sheet silicates; amphiboles are double chain silicates.

Chrysotile is the only asbestos mineral in the serpentine group. Five asbestos minerals —

~ crocidolite, amosite, anthophyllite asbestos, tremolite asbestos, and actinolite asbestos —
are in the amphibole group. ' :

Although a large amount of information has been generated on asbestos, considerable
confusion surrounds the identification of asbestos for a variety of reasons. Several
systems for naming amphiboles have been used, and the nomenclature has not been_
unified under a single system until recently [Leake et al 1997]: The 1ack of consistency
in nomenclature has led to uncertainty in the scientific literature »regulatory agencies, and
regulated communities about the identity of specific mingrals and; inore importantly,
about the identity of elongated particles in air samplcs“an\&v‘vhethcr(t- - are subject to
regulation under asbestos standards. " '

Trade names for mined asbestos minerals predated'the de\%lqpment of rigorous séientific

nomenclature. For example, amosite is the trade namefor/fibrous gruneritefand

.. crocidolite is the trade name for fibrous riebeckite. A‘dding to the complexity of the
-nomenclature, serpentine and amphiBdle,minerals typicﬁ-]_)?‘devel(')p through

metamorphism of pre-existing mineralsfor.Tnay be in the procéss of metamorphosing into -

other forms. Thus transitional forms are%ﬁenif%lg@ For example, an exchange of

cations along the axis of a single fiber car?‘nesultgin«a‘ﬁbeg as/ﬁfg clemental

characteristics of an asbestos-mineral at so_meflgations '31(0ng its length, but not at others.

Finally, minerals wi 'the sameyname may occur in a variety of forms called “habits.”
The habit of a miner;l_"-_i'g?hresul "Sf the local enyifonment during formation. The
mineralogical terms appmﬁoﬁmegeneratﬁy descriptive; some of the habits
important tg asbestos-and réiated minerals-inelude fibrous, massive, prismatic, acicular,
asbestiform, tabul“a‘gxai?l*platyﬁt is possible for both asbestiform and non-asbestiform .
versions 0{ the same mineral to o‘gc?ﬁ’r‘t'c’)gcther, even to the extent that a single mineral
vein is asbestiform in somg parts apnd non-asbestiform in others.

In the scientific literature, the term “mineral fibers” has embraced not only-fibers that
have grown natmy iwﬁsb&stifdrm habit (in which bundles of fibers can be separated
longitudinally into individual fibrils), but also fibers that grow as needle-like (acicular)
single crystals and fiber-like particles that result from the fracture of a mineral along
cleavage planes. There is controversy about whether cleavage fragments and acicular
crystals are as hazardous as asbestos fibers. Mineral fibers that grow in asbestiform habits
are clearly of health concern; it remains uncertain whether particles with similar
dimensions from similar minerals, but with nonasbestiform habit, represent a similar
‘health concern. : '

Asbestos and Other Mineral Fibers: A Roadmap for Scientific Research Page 2 of 47
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1.1.1 Asbestos Use and Occupational Exposures

Production and use of asbestos have been steadily declining in the U.S. In 2003 through
2005, there was no domestic production of asbestos and no employment in mining and
milling of asbestos in the U.S. In 2003, 5000 metric tons of asbestos were imported,
compared with an estimated 2000 metric tons in 2005 (see Figure 1). The primary
current uses for asbestos materials are in roofing (80%), gaskets (8%s), and friction
products (4%) [Virta 2006]. Although the importation of raw asbestos has declined,
information is not available on the importation of asbestos already tontained in finished,
manufactured products. ' ' N

Thausand Metric Tons
o

]

Figure 1. US IP‘\_sP_e_sto's Prog uctig“n‘andulkmip‘ogs_“-ﬂgﬁ-zoos. [Virta 2008]. Data are also found at:
hitp://mineral$.usgs.go wmine?élslpubs/cor‘n'modity/asbestoslasbesmcsm.pdf.

The annual*geometric meanﬂs*of exposures to asbestos reported in the QOccupational Safety
and Healt‘leﬁA}dministration‘gﬂ(OSHA) Integrated Management Information System

~ (IMIS) and the Mine Safety and Health Administration’s (MSHA) database have been-
consistently below the NIOSH Recommended Exposure Limit (REL) since 1986. The
number of workcrmﬁégg asbestos exposures were measured and reported in OSHA’s
database system duri}i%the 8-year period of 1987-1994 dropped from an average of 890
per year to 241 per year during the 5-year period of 1995-1999. The percentage
exceeding the NIOSH REL dropped from 6.3% in 1987-1994 to 0.9% in 1995-1999.
During the same two periods the number of exposures measured and reported in MSHA’s
database system dropped from an average of 47 exposures per year during 1987-1994 to
an average of 23 exposures per year during 1995-1999. The percentage exceeding the
NIOSH REL dropped from 11.1% in 1987-1994 to 2.6% in 1995-1999 [NIOSH 2002a].

Asbestos and Other Mineral Fibers: A Roadmap for Scientific Research Page 3ofd7
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Figure 2. Asbestos: Annual geometric mean exposures by”major indUistry division; MSHA and
OSHA samples, 1979-1999, NIOSH [20023] Data are al$o found at:

hitp:/Amww2a.cdc. gow‘drdsNVorIdReportlata/SechonDetalls asp\'?SectlonTltlelD 1.

These numbers reported for asbestos use ate based-on he,regulatory definition of
asbestos, and do not include-the cleavage f‘ragﬁl‘ents enc%%ﬁbassed by the NIOSH REL for
asbestos. Based on MS([fﬁ:ﬁDOO%‘] mine employment da%, an estimated 44,000 miners
and other mine workers may be exposed to ashestos fibers and/or cleavage fragments that
contaminate mine commodities,[ 7

Worldmdem‘of asbeltos has declmed,pamcularly in Western Europe. Using
asbestgs‘production as\surroga\tg for consumptlon worldwide use has declined from
5.0% rﬁ‘ilhon metric tOEg(Mt) in ]975‘t0 about 1.93 Mt in 1999, although 2000-2004
produc“ﬁ“é’f?ﬁs estimated atil.9 Mt t972.4 Mt [Taylor et al. 2006]. Several Western
European?ounmes have banned some or all asbestos products. In other regions of the
world, there is-a ¢ontinued d&mand for i inexpensive, durable construction materials.
Consequently, markeg:gm&n strong for asbestos-cement (A/C) products, such as AIC
panels for constructlon of buildings and A/C pipe for water-supply lines. Currently over
70% of the world productlon is used in Eastern Europe and A51a [Tossavainen 2005].

Historically, chrysotile has accounted for more than 90 percent of the world's asbestos
production, and it presently accounts for over 99 percent of the world production [Ross
and Virta 2001; Virta 2002]. Mining of crocidolite (asbestiform riebeckite) and amosite
(asbestiform cummingtonite-grunerite) deposits accounts for most of the other asbestos
production, and small amounts of anthophyllite asbestos have been mined in Finland
[Ross and Virta 2001]. -
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1.2 Asbestos-related Disease Trends
Epidemiological studies of workers who have been occupationally exposed to asbestos
fibers have clearly documented such exposure as etiologic for several respiratory :
diseases, including lung cancer, malignant mesothelioma, diffuse fibrosis of the lung, and
non-malignant pleural abnormalities including acute pleuritis and diffuse and localized
thickening of the pleura. Results of some studies suggest that other diseases (e.g.,
laryngeal cancer, digestive system cancers, and immune disorders) are also associated
with exposure to asbestos fibers [ATSDR [2001].
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Figure 3. Number of asbestosis deaths U.S. residents’age 15 and over, 1968-2004. [NIOSH
rnyor‘tallty Systern (NORMS), found at:

http: l/webappa‘ cdc. g‘ovlordslnorms htmi.

NIOSH\tra ks annual U. S asbestos deaths since 1968 and malignant mesothelioma.
deaths singe. 1 11999 using - death certificate data in the National Occupational Respiratory
Mortality System\(NORMS) Data from NORMS show that despite the reduced
-eXposures dese\ﬁfe}i\above%sbestoms deaths increased almost 20-fold from the late
1960s to the late 19905, and have apparently plateaued at nearly 1,500 per year only since
2000 (Figure 3) [NIOSH 2007]. A delayed impact of exposure reduction on asbestosis
mortality is expected for two primary reasons: 1) the latency between exposure and
disease onset is long, commonly one or two decades; and 2) asbestosis is a chronic
disease and affected individuals typically live for many years with the disease before
succumbing). Ultimately, it is anticipated that the annual number of deaths will decrease
substantially as a result of documented reduced exposures.- However, asbestos usage has
not been completely eliminated and asbestos-containing materials remain in place in
structural materials and machinery, so hazardous exposures remain a potential risk, so
some asbestosis is anticipated to continue to occur for decades to come.
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Figure 4. Number of malignant mesolthehoma deaths, U.S. resadents age 15 and over, 1968-
- 2004. [NIOSH 2007]. Source: National Occupatlonal Resplratory Mortallty System (NORMS),
found at: http://webappa.cdc. govlordslnormsuhtml

A specific code for mallgﬁ'é"i]‘t**mesothelloma fknown to be-caused by exposure to asbestos
and some other miner4l it ﬁbers~[Pg1he|ro et al¥2004], was not designated until the most
recent revision of the Intematlonal Classification of Diseases. While only 6 years of
NORMS data are avallable, the/annual numbcrmahgnam mesothelioma deaths has
apparently not.yet‘;l]iiteaued mcreasmg from*2 485 deaths in 1999 to 2,657 in 2004
(Figure i) [NIOSH.2007]. Alater peak Tor mesothelioma deaths than for asbestos deaths -
is not entlrely unexpected\ given.(r {hie typically longer latencies typical of mesothelioma
[Jarvho}mxet al. 1999]. The assocnatlon of mesothelioma deaths with industries and
.occupations kpown to invalve asbestos exposures is apparent from proportionate
mortahty anali‘ses [Bang elal. 2006].

National surveillance:dats® showmg trends over time are not avallable for other asbestos-
related diseases.

1.3 Components of Asbestos Definitions for Health Protective Regulations

Regulatory definitions of asbestos consist of both policy and analytical components. The
policy component consists of a broad statement of agency intent about what should and
should not be considered as asbestos. The analytical component describes the sampling
and analytical methods to be used for collecting, characterizing, and counting fibers.
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Ideally, an agency’s asbestos definition will have analytical components that are closely
aligned with the policy components.

Asbestos is a human carcinogen [HHS 2005a). Based on asbestos’ carcinogenicity,
NIOSH established a REL of 100,000 fibers per cubic meter of air (100,000 fibers/m’),
which is equal to 0.1 fiber per cubic centimeter of air (0.1 fiber/cm®) measured as an 8
hour time-weighted average (TWA) [NIOSH 1976}]. The averaging time for the REL was
changed to 100 minutes in accordance with NIOSH Analytical Method #7400 [NIOSH
1994a]. The change was first noted in testimony presented by NIOSH to OSHA [NIOSH
1990], and reaffirmed in comments to MSHA in 2002 with the’explanation that the 100
minute averaging time would help “to identify and control sﬁ?ﬁdic exposures to ashestos
and contribute to the overall reduction of exposure throug’ﬁ%ut%orkshift” [NIOSH
2002b]. This recommendation was set at the limit of quaﬁfi@cationforﬁhe phase contrast
microscopy (PCM) analytical method, but exposurcrat%=ML is associdted with a
residual risk for lung cancer. A risk-free level of’eA{posureto' asbestos fibersthas not been
established. : ' '

For over a decade, NIOSH has defined airborne asbestgs ibers as those particles that,
- when examined using PCM, have: (15}an aspect ratio of S%L%greater and a length
greater than 5 pm; and (2) the mineralogic characteristics (i:e™*the.crystal structure and
elemental composition) of the asbestos ﬁ%’ineraTsh(chr,ysotile, cnocﬁiolite, amosite,
‘anthophyllite asbestos, tremolite asbestos¥and actinolite-asbe o0s) or their nonasbestiform
analogs (the serpentine minerals antigorite andfﬁ%ardite, and the amphibole minerals
contained in the cummingionite-grunerite miferal series] the tremolite-ferroactinolite
mineral series, anc}gjglaucopﬁé?le-riebeckite mineral series).

1.2.1 Policy Components.ofithe-NI SH»Asbesios Definition
TN

NIOSE:S]es not base.its ,deﬁmt.lgn of asbestos on all the physical and chemical
parameters (e.g., tens_i]exgtréggth, fibrols growth habit) typically used by mineralogists
for identifying an asbesto?rrlgneralvmather, NIOSH uses only specific physical criteria
(i.e., particles that meet spécific dimensional criteria) and compositional criteria
(chemistry) t?)’deﬁne asbes{g’s.

The NIOSH REL applie{éasbestos particlés which have an aspect ratio of at least 3:1
and a length greater\t'rﬁ'erm 5 um. Thus, the NIOSH asbestos REL applies to particles
meeting the dimensional criteria of a fiber from chrysotile, crocidolite, amosite,
anthophyllite asbestos, tremolite asbestos, and actinolite asbestos. It also applies to
particles meeting the dimensional criteria of a fiber from other minerals contained in the
cummingtonite-grunerite series (which includes amosite), the tremolite-ferroactinolite
series (which includes tremolite and actinolite), the glaucophane-riebeckite series, and the
‘serpentine minerals antigorite and lizardite. :
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Several issues have been raised about the minerals covered by this definition. The first
issue is whether other amphiboles, fibrous minerals, and zeolites, should be included.
Second is whether the inclusion of cleavage fragments of nonasbestiform amphiboles is
appropriate. A third issue is whether the specified dimensional criteria for fibers are
appropriate. ' ‘ '

1.2.1.1 Fibrous Minerals

An asbestos definition réstricted to the six commercially importantasbestos minerals
provides no protection from exposure to fibers from other fibros silicate minerals with
structures and chemical compositions similar to fibers from,asggg?s minerals, and which
havé either demonstrated health effects in exposed workgf'or can reasonably be
predicted to produce health effects. This situation is iHustrated bﬁl\e*»now-closcd
vermiculite mine in Libby, MT. Vermiculite ore miried near Libby was ¢ontaminated
with amphibole fibers mineralogically identified-predeminantly as winchitéyrichterite, as
well as tremolite asbestos [Meeker et al. 2003:]'.(_Winchite a}r‘lﬁgk}-ichterite arenot covered
by any of the OSHA, MSHA or NIOSH definitions of-asbéstos, Exposure to’these fibers
.1 . . . Y. 4 i
has resulted in high rates of lung diseases similar to the‘guf':\currence of asbestos-related
diseases among asbestos-exposed wo‘%&sin other industries [Sullivan 2007].
Inhalational exposure to other fibrous ng{nerals, such as erionite which is a fibrous
zeolite, also causes similar respiratory diseases [HHS 2005b].

In addition to health effects observed in hithan popul'atis, findings from animal studies

indicate that fiber dimension and biopersisténce are the major factors in determining the
AT T, . Y .

pulmonary pathogemqg\y of fibers. Thus, in th‘g absence of evidence to the contrary,

NIOSH has historically, maintained there is a science basis to assume that, regardless of

other differences, variousfﬁ_bensgvith~d§mensithd biopersistence similar to fibers from

the traditionalsiX"asbestos minerals Wil have similar potential for causing respiratory

‘e m W i

diseases{&’g., cancer and fibrosis).

i

The role of ¢ ge fragments in Federal regulatory and science asbestos policies has
been the subject'of'a long-gtdz’mding debate. Since 1990, NIOSH policy has included -
within its asbestos ﬁ}gerfleﬁnition cleavage fragments of nonasbestiform analogs of
asbestos minerals if }Vhe particles meet the dimensional criteria of a fiber as determined
microscopically (fiber-like cleavage fragments).

- The basis for NIOSH's recommendation to regulate cleavage fragments as asbestos was

first articulated in NIOSH testimony to OSHA in 1990. In that testimony, NIOSH based
its recommendation on four elements: ' '

e The first element was based on results of experimental animal carcinogenicity
studies of various minerals demonstrating that carcinogenic potential depends on
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particle length, diameter, and biopersistence. The testimony characterized the
evidence as suggesting that neither mineralogic identity nor origin of the particle
are critical factors in carcinogenic potential.

e The second element was based on results of epidemiologic studies of worker
populations with mixed exposures to asbestos fibers and nonasbestiform cleavage.
fragments or with exposures to cleavage fragments alone. The testimony
characterized the evidence for excess lung cancer risk attributable to fiber-like
cleavage fragment exposure as "equivocal.” - :

o The third element was that asbestiform and nonasbestlform minerals can occur in
the same area. Thus, determining the location and’ (Tdentification of asbestiform
tremolite, actinolite, and anthophyllite wnthm,_dcpggzvts of tﬁ}nonasbestnfonn
mineral analogs can be difficult, leading to-inadvertent contaniination of some
mined/quarried commodities by tremoljté =asbestos, actinolite asbestos and/or

~ anthophyllite asbestos. O

e The last element was the lack of routine anaIy 1cal~»meth0ds for airborne exposures
that can be used to accurately qlvlfferentlate nonasbe@tifgrm cleavage fragments
from regulated asbestos fibers that meet the dimensionakcriteria of a fiber when
examined microscopically. 2

| NIOSH used these four gléments, taken togetiier, to support its historical

recommendation that.io regulatory distinction,be made to exclude airborne fiber-like
Nl

cleavage fragments‘from counts of airborne asbestos fibers. In the face of scientifically
inconclusive epidemiological evidence for lun%cancer risk associated with exposure to
fiber-like cleayvage fragmen\g_s*NIGSJ}Thas“rehe upon the other three elements to.
explicitly, rccom’mendf&at fiber:like cleavage fragments of nonasbestiform analogs of
asbesto§ minerals be'included incounts,of airborne asbestos fibers.

The NIOS ‘posmon on cleavage fragments has been criticized. Others allege that the
scientific emdence from human studies and animal toxicity studies does not definitively
e, |
demonstrate car¢ihggenic Bealth effects from exposure to fiber-like cleavage fragments.
Critics of the NIOS?I»polr’c‘:'? argue that cleavage fragments do not cause cancer, and that
defining fiber-like cleavage fragments as asbestos fibers does not provide any additional
protection for the health of workers but increases costs and liability exposure. However,
a conclusion that exposure to fiber-like cleavage fragments does not cause cancer lacks
certainty due to the limited quality of relevant human health and animal data.

Much of the evidence comes from studies of a cohort of workers from a talc mine in New
York. Industrial takc is a mixture of talc, tremolite, anthophyllite, serpentine and
dolomite. During an exposure survey NIOSH identified airborne fibers of asbestos, but
the mining company maintained that the material is not asbestiform. The initial
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study had a number of self-identified limitations, including its size (388 workers), lack of
information on prior employment, and short duration of employment for some lung
cancer cases. [NIOSH 1980]. Since 1980, the New York Talc Study has been updated
and reanalyzed in five additional publications [Stille 1982; Lamm 1988; Brown 1990;
Gamble 1993; Honda 2002]. Each publication examined the population differently
including: extending the observation period, expanding the size of the cohort, evaluating
potential confounders, or adding statistical analyses. Among these different studies, the

. mortality patterns reported were similar, showing an increased mortality from lung cancer

and non-malignant respiratory disease in the cohort of talc workersyHowever, it is not
clear whether the excess cancer deaths were work-related. Thef,‘rﬁ_)st recent and most
thorough analysis [Honda et al. 2002] is based on an estimat?-of-cumulative exposure to
respirable dust for all job categories and years [Oestenstaﬁ% aﬁﬁb‘@Z] Honda et al.
[2002] conclude that the reason for increased lung cancer mortality-reinains unclear but is
not well correlated with talc ore dust exposure. Théy 2135 conclude that the increased

" mortality from non-malignant respiratory dlseasel(!NMRD) is probably related to.

exposure to the talc ore dust at the famhty "hile Other e\ﬁlﬁtlons of the%oho’rt provide

additional insight into the mortality experience ofwﬁ\%e workers, the same idherent

limitations constrain the ability to draw definitive conclusions on the work-relatedness

for some causes of death. The cohorfis-small, fewer than,800 workers, and has very
w Tk,

limited information on potential confounder ~such as smoking and.prior occupatlonal

exposures. ' :

Several animal studies have-attempted to addréss the toxicity of fiber-like cleavage
fragments. In one study-using.rats [Davis et L. 1991], ecfﬁal weights of the respirable
fractions from six tremolite specimens were mjected intraperitoneally and assessed for
LT
production of mesothéliomas. 'Ih_riq'e__eof the spegrl,mens were identified as asbestiform; the
habits of the other three were-differentrand,were not identified as asbestiform. The study
reported thatall samiples possedsed some potential.to produce mesotheliomas, and that
carcinogenicity was rélated to the number of long, thin fibers, but the relationship was not .
exact? However, it is not clear whether the toxicity was caused by the fiber-like cleavage
fragments ORby long, thln@%ﬂlcleS%hlch were not identified as either fiber-like cleavage
fragments or,ashestiform fi bers The group exposed to the shortest fiber-like cleavage
fragments hadsthe:lowest mmdence of mesothelioma; however, it is not certam whether
the low rate of disease in.this group exceeded background rates.

It has been observedsthat only a small proportion of the cleavage fragments formed when
nonasbestiform materials are fractured meet the NIOSH fiber definition, and those that do
typically have shorter lengths and wider diameters than asbestiform fibers {Siegrist and
Wylie 1980; Wylie 1988]. These and other differences between asbestiform fibers and
fiber-like cleavage fragments might contribute to a shorter biopersistence in the lung for
cleavage fragments. Asbestiform fibers tend to break longitudinally so that a deposited
fiber can break into a multitude of fibrils as long as the originally deposited fiber [NRC
1984] and thercfore can be_just as difficult to clear from the lung. In contrast, fiber-like
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cleavage fragments tend to break transversely, resulting in several shorter particles that
may be more easily cleared by macrophages. As a result of differences in surface
structure, fiber-like cleavage fragments are weak and brittle in comparison to asbestiform
fibers [Zoltai 1981]. Dissolution of cleavage fragments proceeds along cleavage planes
and results in smaller cleavage fragments. However, dissolution of fibers from
asbestiform amphiboles begins at the ends of the fiber and preceeds inward from the ends

before the surface layer is dissolved [Zoltai 1981]. Magnesium leaching from the surface

- of chrysotile fibers in the lung is highly variable, and more is leached from thin fibers.

However, the gross structure of the fiber is not changed early in thie dissolution process -
[Morgan and Holmes 1986]. While fibers from asbestiform amphiboles have strong

= .
surfaces, cleavage fragments are expected to be weaker becaus‘gr_of various types and
sizes of defects introduced in the fracturing process [Zoltéi'ﬁ%k], ‘The impact of these
structural differences on solubility in lung fluids is not‘?knoy‘vn, but ii;g;mhcre are substantial
differences in the solubility in lung fluids bet\we%ﬁbersfrom asbestiform minerals and
fiber-like cleavage fragments, toxicity could differ.

In 1986, the Occupational Safety and Health Admtistrati?’(@SHA) revised its asbestos
standard and included non-asbestiform anthophyllite, tremolite, and actinolite (ATA)
within the scope of the revised stande'ffdg. OSHA's decision to include non-asbestiform
ATA was controversial. In a proposal'to futther revised it‘m\bes_tos standard, OSHA in
1990 noted that there were "a number ofstudies Which raise serious questions about the

. . _ r an .
potential health hazard from occupatlonal\e&(posure\to nen-gsbestlform tremolite,
anthophyllite and actinolite;gbut stated that thé-"currentievidence is not sufficiently
adequate for OSHA to"cf(?r'i?:‘ludhat these mineral types'pose a health risk similar in
magnitude or type‘;;ﬁrsbestos." I

In 1992, OSHA stated in'the p{ealé‘to~the.,ﬁnal rule revision removing non-
asbestiform*ATA‘ffro"m the 3sbestos standard-that, "various uncertainties in th_e data’ and.a
body ofdata showing no*carcinogenic effect, do not allow the Agency to perform

' qualitative or quantitative risk assessifients concerning occupational exposures. Further,

the subp%_pulgtions of non’@estiﬁgf;’m ATA which, based on mechanistic and
toxicological data, may be 'associated with a carcinogenic effect, do not appear to present
an occupational risk. Their presence in the workplace is not apparent from the record

evidence" [OSHAY992]. 4

In 2005, the Mine Safety and Health Administration (MSHA) followed in OSHA's
analysis when it proposed revising its asbestos standard [MSHA 2005].

A U.S. Environmental Protection Agency (EPA) peer consultation workshop in 2003, _
convened to discuss a proposed protocol to assess asbestos-related disease risk, knew of
little data to directly address the question of whether cleavage fragments with durability

' OSHA was making reference to the scientific data on which NIOSH based its own carcinogenic health
effect recommendation to OSHA.
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and dimension equal to fibers from the asbestos minerals would have similar or dissimilar
potency for lung cancer, although their general view was that durability and dimension
are critical to pulmonary pathogenesis. They thought that, "it is prudent to assume
equivalent potency for cancer in the absence of other information to the contrary” and
recommended that a rat inhalation study using tremolite cleavage fragments be
considered to address the issue [EPA 2003].

There continues to be uncertainty at the Federal level about whether exposure to fiber-
like cleavage fragments from non-asbestiform analogs of asbestos inerals cause cancer

and other health effects similar to those-caused by fibers frpm,tlférsiﬁsbcstos minerals.

1.2.1.3 Fiber Size Criteria and Biopersistence

Data gathered from epidemiologic and animal studi€s of tnineral fibers_indicate that the
health risk posed by fiber exposures are largely determined by the fibers<dimengional
characteristics (length and diameter), the fiber’s-ability to resist removal from the lung
{(biopersistence), and dose. Fibers deposit in differentre ions of the lung dépending on
their aerodynamic diameter which is a function of thaiz diameter and length. Once fibers
“are deposited in the lung, the length dftime they remaie lung appears important for

the initiation and progression of disease.

Fiber diameter is a major factor in deﬁn}gthe aeenami,c,diameter of fibers, and
aerodynamic diameter, in-turn, determines vl}}ch fibers are’likely to be deposited in deep
. i e . . . .

regions of the lung. In a’ddmo%some evidence indicatés that thinner fibers have a

. . w2 . : .
greater potential thafi thicker fibers to migrateifrom the lung to pleural and peritoneal

. e SO . .
spaces. Fibers and patticles with-diameters less than 0.5 pm are more likely to cross
membranes and translocate ijoapleutal_andeerité’r;eal spaces and are more likely to enter
e N T [ .

the lymphatic'and girculatory systems. Other than these factors, there is little evidence on
the role-0f fiber diameterywith regards to fiber pathogenicity. Overall, based on
congjderé tions of patterns of regiﬁgﬁgposition in the respiratory tract in relation to
disease development, all fibérs degmed to be in the thoracic size fraction [Soderholm

g o, . .
1989] (e.g-¥Capable of depositing in the bronchoalveolar regions) warrant concern.

NIOSH, OSHA, and-MSHA asbestos definitions all specify that only fibers greater than 5
pm in length and hﬂi}fg%n aspect ratio (i.e., length:diameter) of at least 3:1 should be
counted to assess compliance with exposure limits for asbestos. However, beyond the
roles played by length and diameter, no data exist to demonstrate that fiber aspect ratio
plays a role in determining the pathogenicity of fibers. '

Clearance of fibers deposited in the lung is an important physiological defense
mechanism that influences the risk associated with fiber exposure. The role of fiber. .

- length in pathogenicity has been the subject of considerable study and has recently been
reviewed [Dodson et'al. 2003]. Evidence from in vitro and in vivo studies in rodents

*
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indicate that fibers with a length equal to or greater than the diameter of rodent lung
macrophages (about 15 um) aré most closely linked to biological effects observed in the
lung [Blake et al. 1998]. Alveolar macrophages appear to be capable of phagocytizing
and removing fibers shorter than approximately 15 pm in length, either by transport to
the mucociliary system or to local lymph channels. Abgve this length, the alveolar
- macrophage appears to be ineffective at physical removal, although there is some
evidence that longer fibers are partially engulfed by one or more macrophages, resulting
in differential removal rates for fibers of different lengths. While fiber lengths greater
than 15 pm appear to be associated with toxicity in experimental studies, a “critical”
length for toxicity in humans has been shown to be probably gr%%an 15 pm [Zeidler-
Erdely et al. 2006]. Because longer fibers cannot be easily ¢leared by macrophage
removal, the ease with which long fibers can break into sherter lengths influences their -
biopersistence inthe lung. When the alveolar macrophages are unsuccessful in
removing these longer fibers (sometimes referred td“as “Frustrated phagotytosis™),
enzymes, inflammatory mediators, oxidants and/o‘t’:'her contents of the macrophages are
released into the lung where they can be toxic?

Stanton et al. [1981] found that lung cancer in rats wa best prcdlcted by the number of
asbestos fibers longer than 8 um andWith a diameter le?sﬂhan 0.25 pm. However, fibers
in other size categories having lengths%ér than 4 pm and diameters up to 1.5 pm
were also highly correlated with lung cancerngp‘pmann [1988 $1990] reviewed the
literature and suggested that lung cancer ls\mostf sociated with asbestos fibers longer
than 10 pm with diameters-greater than 0. 15, pf‘hy whlmthehoma is most associated
with fibers longer than@%ﬁh dlameters‘:less than 0. f/pm Evidence from animal and
some in vitro studlgs suggests th?ﬂ short fibersi{e.g., less than 5 pm long) may have some
role in fibrosis but are of lesscr concern than 1 onger fibers for cancer development.
However, Dodson et al. 2 3];noted that-it.is-difficult to rule out the involvement of
these shortef.fibers ih-causing ing disease b e exposures to asbestos fibers are
overwhelmingly composed ofﬁibers less than 5 pm long and that fibers observed in the
lung:and‘*m extrapulmonary, locations are also overwhelmingly less than 5 pm long.
Suzuki andiYuen [2002] studied tigsues from cases of malignant mesothelioma to
characterize.the, asbestos fibers contrlbutmg to the induction of human malignant
mesotheliomaNThey found that the majority of asbestos fibers in lung and mesothelial
tissues were shorter,than 5/pm in length. Although the presence of the short fibers does
not substantiate causality, the authors concluded that short, thin asbestos fibers should be
included in the list ofrﬁber types coniributing to the induction of human malignant
mesothelioma.

NIOSH is currently attempting to ascertain the relationship between fiber dimensions
(fength and diameter) and the risk for developing lung cancer or asbestosis by updating
the cohort of chrysotile exposed textile workers studied by Dement et al. [1994] arid
Stayner et al. [1997]. Archived samples collected by NIOSH at this textile plant

were analyzed by TEM to obtain the bivariate fiber size distribution. Fiber-size specific
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exposure matrices (length and diameter) were determined and assigned to specific jobs
within the plant. Analyses are underway to determme the influence of fiber dimension on
lung disease risk [Kuempel ¢t al. 2006]. .

Berman and Crump [1995] statistically analyzed data from 13 inhalation studies in which
rats were exposed to asbestos dust to determine if a measure of asbestos exposure could
be identified that satisfactorily predicts the observed lung tumor or mesothelioma
incidence in the experiments. Samples of the original dusts used in the studies were
regenerated and reanalyzed to provide detailed information on the tineralogy (i.e.,
chrysotile, amosite, crocidolite or tremolite), type (i.e., fiber, bindle, ¢luster, or matrix),
size (length and width) and complexity (i.e., number of idenfifiable components of a
. cluster or matrix) of each individual structure. The inves’[%ators did not find a univariate
measure of exposure that adequately described the lung tumor responses observed among
the inhalation studies. However, bivariate measurgs-of exposure wereidentified that
adequately describe the lung tumor résponses. Stfuctures longer than § mnd thinner
than 0.4 pum fibers and bundles contribute to lung tumor risk, with a posmﬁ%tnbunon
by long and very thick (>5 pm) complex clusters and matl" icesxPotency app ars to

N i T
increase with increasing length. Structures longer than 40, um were found to be about
500 times more potent than structure§ between 5 and 4(%“\111 length. Structures <5 pm
in length did not appear to contribute to lung-tumor risk. Theit'analysis did not find a
difference in the potency of chrysotile a%d?nﬁbele for mducﬂ% lung tumors.
However, mineralogy appeared to be 1mp%‘1;tantmhe 1ndug:116'r; of mesothelioma with
chrysotile being less potent‘than amphibole!

The characteristics.0f. ﬁbers that determine their retention in the lung include not only
their length, but afso theit: dlame‘gr fragility, a#d dissolution rate in lung fluids
{durability). Some fibers¥such-as.certa n~type5fof glass fibers, are fairly soluble in lung
fluid and diSappear.frem thexlung in a naatter of days or months, whil¢ others, such as
amphibol€ asbestos, can remain minthe lung for decades. While some evidence indicates
that ﬁf)hidurablhty m:}; be.a deterrgh‘zfnt of toxicity for some fiber types, additional
fibers needto be evaluated 10 detepmine whether they conform to this paradigm [ILSI

Biopersistence of:fibers inthe lung is a function of the site and rate of deposition, their
rates of clearance by.alveolar macrophages and mucociliary transport, their solubility in
lung fluids, their breakage rate and breakage pattern (longitudinal or transverse), and their
rates of translocation across membranes. It is plausible that a change in the rate of one of
these processes could affect the rates of other processes. For example, the rate of
deposition in the alveolar region could potentially overwhelm macrophage clearance
mechanisms and increase the rate of translocation to the lung interstitium. Surface
chemistry and diameter are important factors in the solubility of fibers. Fibers deposited
in the lung are subjected to extracellular fluid (approximately pH 7) and lysosomal fluid
(approximately pH 5); thus the solubility of a particular fiber at each of these pH levels is
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PCM.

relevant to its biopersistence. Fibers that are more soluble will be less biopersistent, and
fibers with larger diameters will take longer to dissolve than thinner fibers, all else being
equal. The effect of high dust exposures on translocation and clearance mechanisms may
also alter fiber clearance rates. A better understanding of the biological fate of fibers
deposited in the lung is critical to understanding the mechanisms underlying differences
in toxic potential of various fibers of different dimensions and compositions. Since fiber
biopersistence is thought to play an important role in the.development of disease, it may
prove to be an important characteristic to incorporate into occupational safety and health
policy concerning exposures to fibers. ' '

1.2.2 Analytical Components of the NIOSH Asbestos Defihiti n

The analytical components of the asbestos definition takeon substas ‘aLsig‘niﬁcance
because the current REL is set considering the ]imitof’c?ﬁ“antiﬁcation‘gf the PCM method
rather than solely on estimates of risk. Had a lower limit of quantiﬁcati%ﬁ%een possible,
a lower REL may have been proposed to redute-the.risk ofjoccupational cancer among
asbestos-exposed workers. In applying the asbestos_-dbﬁniﬁ)i-'ﬁ,\it is importaht to have an .

‘analytical method and protocol that is practical and reliable and able to discriminate

between types of fibers. The fiber cdunting rules used H{EEM analysis of airsamples
result in an index of exposure which has begn.correlated with existing human health data

" and risk assessments. However, any PCM-based’index of exFo,sure for asbestos is not

based upon a complete count of Sampled‘ﬁbers bécause ,Y&er,yat‘ﬁrin fibers are'not visible by

SH asbestos fiber definition applied to

There are two analy,t_ia- components of the N1Q
air samples:. 9

. Phafse@con{;qst microscopy (PCW)-[NIOSH 1994a ~ Analyticai Method 7400 —
ther Fib"éi%\tgy PCM] is used to count all fibers that are longer

‘iﬁ’sbestos and-Q rs:by B
than 5 pm and have a lengthTt6-diameter ratio equal to or greater than 3:1.

o

€

<

 Transmission electron microscopy (TEM) [NIOSH 1994b — Analytical Method
- 7402 ¥asbestos b{ TEM] is used to quantify the asbestos fiber fraction of fibers
in air samples when there is uncertainty about whether the fibers present in an air
sample are all asbestos fibers. The asbestos fiber fractions from TEM analysis
" are used to pi%portionally reduce fiber counts obtained by PCM Method 7400,
yielding corrected counts of asbestos fibers. '

The method is currently annotated as follows: “Other amphibole particles that
have aspect ratios greater than 3:1 and elemental compositions similar to the
asbestos minerals may interfere in the TEM analysis. Some non-amphibole -
minerals may give electron diffraction patterns similar to amphiboles. High
concentrations of background dust interfere with fiber identification.” This
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annotation might be inferred to mean that fiber-like cleavage fragments of the
non-asbestiform analogs of the asbestos minerals are to be considered
interferences; however, such an inference about the NIOSH asbestos fiber
definition would not meet the intent of the current NIOSH definition.

In addition to the use of PCM (éometimes with TEM) for monitoring airborne fiber
exposures, one other microscopic technique is commonly applied to the analysis of
asbestOS'

o Polarized light microscopy (PLM) [NIOSH 1994(: Analytlcal Method 9002] is
used to identify asbestos in bulk materlals

Each of the microscopy methods used for asbestos analysmxhas llmltatlons whlch have
implications for accurate measurement of occupational exposures. Partlcles with
diameters less than about 0.25 pm cannot be counted using Method 7400 because they
are below the resolution limits of the optical rﬁT&F’%scopes r‘*‘utmely used. PCM does not
differentiate between asbestos and other fibers, sucﬁy\s\non asbestos minerals fibers, -
glass fibers, cellulose fibers, hair, and organic synthetlgff_i'bers like nylon. When fiber
identification is required, TEM ana}ygls “(i.e., Method 74@2) is used to characterize and
identify individual fibers by detenmm?féll?é‘" crystalline strudtute.and chemical
composition; thus, TEM characterizatiofilis uséd to-help 1mthe accuracy of the
asbestos fiber counts obtained by PCM, a‘s“the latter.could.othierwise include various
fibers not specified as asbestos fibers under the/NIOSHIdeﬂmtlon PLM analysns is often
used for identifying asbestossin ulk samplg'(however the method rarely is used for
analyzing alrbomf‘:;samgl?s bedause of difficulties in sample preparation. Like PCM,
PLM cannot resolve fibers Wlthmameters Iess%about 0.25 pm.

Another aspmﬁR*NIOSH analytical method is the countmg rules. The rules for
countmgﬂat are commonly usec?‘referred to as the “A” rules, instruct the microscopist to
countffibers of any diameter, that haig 2 3:1 or larger aspect ratio. However, fibers with a
dlameté???reater than 3 um are not/likely to reach the thoracic region of the lung when
inhaled. The 4B” countingrules specify that only fibers less than 3 pm in diameter
should be counted:, Other dlfferences between the countmg rules are provided in Method
7400 [NIOSH 19944]. THel European Union is moving toward a standardized method
that counts fibers usmg,the method recommended by the World Health Orgamzatlon
{(WHOQO) [WHO 199’15] ‘which specifies counting only particles less than 3 pm in diameter
with a 3:1 or larger aspect ratio [European Parliament and Council 2003].

1.2.3 Analytical Components of the OSHA and MSHA Asbestos Definitions

The use of PCM in determining asbestos fiber concentrations, as required by OSHA and
MSHA, cannot assure that fiber-like cleavage fragments are-excluded from
determinations of asbestos fiber concentrations. While there are ample ways to
distinguish asbestiform materials from nonasbestiform materials in bulk samples, reliable
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and reproducible analytic methods are not available to distinguish individual fibers in air
samples as nonasbestiform or asbestiform. The lack of reliable and validated analytical
methods that can distinguish between fibers from the asbestos minerals and fiber-like
cleavage fragments of their nonasbestiform analogs in air samples is clearly a major
limitation in applying asbestos definitions intended to exclude fiber-like cleayage
fragments. The challenge is especially great for environments with mixed (i.e.,
“asbestiform fiber and fiber-like cleavage fragment) exposures. It is critically important
that an analytical method that is able to clearly discriminate between fibers and fiber-like
cleavage fragments be developed and validated.

A technique referred to as “differential counting” and suggested'to differentiate between
asbestiform fibers of the asbestos minerals and fiber-like:Cleavage fragments, is
mentioned in a non-mandatory appendix to the OSHArasbestos standard. The appendix
to that standard points out that the differential counting techmquc rems ‘a great deal
of experience” and is “discouraged unless legall necessary. It relies heavily,on
subjective judgment and does not appear to bé%béfknmonly Uted except for mfl?e'%amples

In this technique, fibers that the microscopist Judges as.nofifasbestiform (e. g‘yhavmg the
appearance of cleavage fragments) are not counted. Howe_ver any fibers not clearly
distinguishable as either asbestos or fipn-asbestos using‘d_i_?fcrential counting are to be.
counted as asbestos fibers. One effec‘f"gﬁi’fsing dlfferentla%ntmg is to introduce a _
source of variability in the fiber counts because of different ¢ Mgs” between different

recommended by NIOS

- microscopists. The technique has not beglkla,forrnally‘va'hdated and is not used or

For countmg asbeﬂosﬁbers in r&nes and quarries, ASTM has proposed a
“discriminatory counting t}\hat incorporates the‘%éﬁcepts of differential counting, but
refers to the technique as “dlscrlmlnatorymcountlng ” The proposed method uses PCM
and TEM mm “schem@ % Air samplé?ﬁg first analyzed by PCM and, if fiber
concentrations are greater than“ong;half the PEL but less than the PEL, discriminatory
counting"is then pcrfonned\\Dlscrlmlﬁ“tory counts are restricted to fiber bundles, fi bers
greatcr th?n\lo pm in length and ﬁbers less than 1.0 um in diameter. If the
discriminatory'count is at least 50% of the initial fiber count, TEM is then performed to
determine an equwalent PCM count of regulated asbestos fibers only. If the initial PCM
count is greater {han'the PEL then TEM is performed to determine an equivalent PCM
count of regulated ‘ﬁ@sstos fibers only. These results are then used to compare to .
regulatory limits [ASTM 2006). NIOSH has begun a validation evaluation of the ASTM
method.

More powerful than PCM for distinguishing fiber types, electron microscopy can
determine electron diffraction patterns that might reveal a particle’s crystal form to be
more representative of a cleavage fragment than an asbestiform fiber, and can also be
used to better visualize fine morphological structures that can be used to distinguish the
two. Using scanning trahsmission electron microscopy (STEM), it is also possible to

b Pl
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determine elemental composition, which can be used to identify mineral fibers from
I , commonly encountered interfering fibers of fabrics (e.g., cellulose, nylon, cotton) and of
glass and ceramics, which cannot be identified under PCM.
Other procedures have been suggested with the intent of ensuring that the fiber counts on
air samples do not include cleavage fragments [[MA-NA 2005; NSSGA 2005]. These
procedures include reviewing available geological information and/or results from
analysis of bulk materials to establish that asbestos is present in the sampled
environment, or specifying dimensional criteria to establish that aitborne particulates
have population characteristics typical of asbestos fibers (e.g ’,rr}rfgén fiber aspect ratios
exceeding 20:1). Whether these suggested procedures would-assure adequate health
protection for exposed workers i§ unclear, and the practlcal lss\f?ﬁssomated with
implementing these supplemental procedures are alsg-u -

1.3 Summary

The above discussion identifies the major known areas ofé,uncertamty about the tOXlClthS
of fibers from the asbestos minerals, Gffiber-like cleavage fragments from non-
asbestiform analogs of the asbestos mineral$;rand of othermral fibers, as well as the
short-comings of current analytical tech\'ﬁlques %As a result of these scientific
uncertainties, NIOSH proposes to addres?\m\s? tqglc~go_al§y :

I. Develop improved'sampling and analytical methods for fibers and f' ber-like

cleavage fraginents.

il

1. Develop information nd~knowledge_on occupatlonal exposures to fibers and
ﬁbera‘llke-clea age fragments and héalth outcomes. '

1L /Develop a broad %ggderst ing of the important defefminants of toxicity for
ﬁbier_s‘a_nd fiber-like cleavage fragments.. :

To address the-scientific issues and inform: future NIOSH policies, a proposed research
o
agenda is presen?ed and dlscussed in Section 2.
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2 FIBER RESEARCH

2.1 Strategic Research Goals and Objectives

The strategic goals for a fiber research program and the related objectives are identified

below.

Shown in brackets following each goal and objective is the number of the section

_ of this Roadmap in which the goal or.objective is subsequently discussed.

I. Develop improved sampling and analytical methods for, fibers 12.2].

" like cleavage fragments from t}?é'ni_ranon

" Develop a practical analytical method for-air s

Reduce inter-operator and inter-laboratory variabiii of thecurrent fiber
analytical methods [2.2.1];

Develop fiber analytical methods with ifiproved resolution to visualize_smaller -
, -~ P -,
diameter fibers to assure more compléte fiber.counts _[;2“2.2];

amples to differentiate between

exposures to asbestiform fibers from the asbestos Tminerals and exposures to fiber-
i . = N .

bestiform analog§ [2.2.3];

Develop analytical methods to assess fiber duil‘ity¢ [2.2.4]; and

Develop and, alidate thracic-size seiective sampling methods for fibers [2.2.5];

II. Develop information-and Knowledge on occupational exposures to fibers and

fiber-

likecleayage fragments-and health outcomes [2.3].

ollect and analyze available.oecupational exposure information to ascertain the
haracteristics and extent of exposure to various types of fibers and to fiber-like
cleavage fragments[2:3.1];

Collect andanalyz¢,available information on health outcomes associated
with exposures:tg-various types of fibers and to fiber-like cleavage fragments
[2.3.2]; and :

Conduct epidemiologic studies of workers exposed to various types of fibers and

‘fiber-like cleavage fragments to better define the association between fiber

exposure and health effects [2.3.3].

4
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| ~ decision-making and policy-setting. -

III.  Develop a broader understanding of the important determinants of toxicity
for fibers and fiber-like cleavage fragments [2.4]. :

o Conduct in vitro studies to ascertain what physical and chemical properties
influence the toxicity of fibers-and fiber-like cleavage fragments leading to a
better understanding of how fibers induce disease [2.4.1]; and

¢ Conduct animal studies to ascertain what physical and chemical properties
_influence the toxicity. of fibers and fiber-like cleavage fragﬁ\ents leading to a
better understanding of how fibers mducc dlsease [2. 4!2]”

Research conducted to support thcse three research goals should\be 'ntegratcd to optimize

resources and facilitate the simultaneous collection of*’ilat‘a\Much of this research may
be accomplished by or in partnership with our Fedeﬁﬁﬁmners or staKefdlders in the
private sector. Any research that is undertaken. should ensure that the resuits-can be
interpreted and applied within the context of- Sther Studies ?ﬁd lead to outc‘ciyvﬁc.s,usefu] for

22 Develop improved sampling anﬁ‘f‘ alytical methods for fibers.

There are important scientific gaps in understanding.the health impacts of exposure to
mineral fibers. Any changes in the scope of minerals.and-the:Characteristics of their fibers
included in an updated fibet:definition will Ilk'ég have 1o be accompanied by
improvements to cune’r‘l‘t.mcﬁlnalytlca] methods or dévelopment and application of
new analytical meth’gas Theseimethods will heed to provide accurate information about
gxposures to the fibers exphcltly encompassed by-the policy component of the definition.
The ability to dlffercntla‘%e between.fibér;types?including between asbestiform fibers of
the asbesto$.r alsrand ﬁber-hke cleavage fragments of their nonasbestiform analogs,
is 1mport'glr-1t espec:lalm ‘recommendations (e.g., RELs) are specific to the type of
hHowever, thisicould be a significant obstacle because validated analytical
methods are:not avallablc;'trh%t canéffectively distinguish between fibers from the
asbestos minetals and ﬁber-lnke cleavage fragments from their nonasbestiform analogs.

Until new analytical methbds are developed and applied, it wiIl be necessary to
investigate the various proposals that have been made to adjust the current analytical

- methods, such as those discussed in Section 1.2.3, and additional modifications to the

current analytical methods will have to be explored. Improvements in exposure
assessment methods are important to increase the accuracy of the methods used to

identify, differentiate, and count fi bers

“Some barriers to improving the current methods have beeri identified. Requiring optical

microscopes to have objective lenses with higher resolution to resolve thinner fibers in
samples may not be sufficient to improve risk assessments. Requiring the use of electron
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‘microscopy (EM) would improve capability to detect small fibers, but it would also

increase analytical costs and the lag time between sampling and obtaining results. In
some workplace situations, such as in construction, this would eliminate the small
window of time available to apply appropriate controls to reduce exposures.

Several potential improvements are currently under study. Some of the studies are aimed
at improving the accuracy of current techniques, such as the evaluation of thoracic
samplers for the collection of airborne fibers and the use of gridded cover slips when
performing PCM analysis. “Another study is intended to evaluatethie ASTM method and
determine whether inter-operator variability when peffonningﬂi-fferen' tial counting

between asbestos fibers and fiber-like cleavage fragments is%within an acceptable range.

Areas of research for new methods development includesthe c&ment of methods
that would permit an assessment of the potential biomt&ce (e.g‘fdliir“ability) of fibers
collected on air samples prior to their evaluation‘by PCM or other microscopic methods.
In addition to the research described here, immé}pents inEM identiﬁcatiiﬁ"lﬁfngS,
energy dispersive x-ray spectroscopy) are needed?%ﬁ]*o m techniques;fbr fiber
identification need to be investigated. :

Modifications to the current methods will réquire an assessment ofsworker health
implications. Any changes in the gnalytibmms will necessarily be made in concert
with an understanding of the types of fibers incﬁ?d"é@c"la'iﬁ‘*a\;nw definition and their
chemical and physical preperties. Whethe?‘ithggg changes would be effective and provide
consistent results acrosﬁ??gfh‘_i?range of occupational environments would also need to
be explored. - '

2.2.1 Reduce inter-operatoad‘inr boratory ﬁariabitiq; of the current fiber

analytical methods.

To ensure the validity of fiber co g fnade on asbestos air samples, it is i_mportant to- -
ensure consistency between analysts. Microscopic.counts of asbestos fibers on air
samples are.made using on‘lﬂa small percentage of the surface area of the filter, and the
counting procedutes require the analysts to make decisions on whether a particle meets
the definition of a.fiber. Jfterlaboratory sample exchange programs have been shown to
be important in ensuring agreement in fiber counts between laboratories [Crawford et al.
1982]. Unfortunately, microscopists from different laboratories are unlikely to view
exactly the same fields, resulting in an uncontrollable component of the variation that
exists in fiber counts between microscopists. A mechanism to allow recounts of fibers

~ from the same field areas would remove this additional variation component and allow a

better assessment of the variation between microscopists in analyzing samples.

A technique is under development for improving the accuracy of PCM fiber-counting by
allowing exactly the same fields of view to be examined by multiple microscopists or the
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same microscopist on different occasions [Pang et al., 1984; Pang et al. 1989; and Pang
2000]. The method involves the deposition of an almost transparent TEM grid onto the
sample. Included with the grid are coordinates allowing each grid opening to be
relocatable. Photomicrographs of typical grid openings superimposed on chrysotile and
amosite samples have been published [Pang et al. 1989]. Slides prepared in this manner
have been used in a Canadian proficiency test program for many years. The main errors
affecting the counts of each fiber type (chrysotile, amosite, and SVF) have been
evaluated by examining large numbers of slides by large numbers of participants in this
program. A scoring system for identifying the performance of mi€toscopists has been
developed [Pang 2002] based on errors compared with a referefice valuie defined for each
slide by the Iaboratory in which they were produced, A statistnéal analy51s of the

intragroup precision in this study was able to identify thoge analysts;who were outliers

[Harper and Bartolucci 2003]. In a pilot study, the poolcmre]atlve standard deviations,

without the outliers, met the requirements for an gr;b iasc¢dbair sampling, ng tethod. Further

study is needed to validate these findings and to-identify other techniqu ugs.that can reduce
Aelarih,

inter-laboratory and inter-operator variabilitysin-counting fibers by PCM. \V

2.2.2 Develop fiber analytical methods with improved résolution to visualize smaller
diameter fibers to evisure moré-complete fiber counts:,

Both optical and electron microscopes ar&avallﬁle.that can 1sulize fibers with
diameters <0.25 pm which is the approximate lower. resolujio’rr limit of PCM. To improve
}1
1

the optical resolution to a .l pm, an g:lmffrnersnon 00X objectlve with a numerical
aperture of 1.49 would’bé'te —?éd Also, thetuse of 15 eyepiece oculars would help
improve the VISIblllf%f partIJeS and fibers on&sample However, because risk
estimates for workers occupatlonally exposed t@ dsbestos have been determined based on
fiber counts made by the cgﬁrrent -PCM methods] fiber counts made with improved
Microscope; resqutlon\capabllltles would Mot be directly comparab!c to current

Vit %, LT,
ibnal exposure limits for, asbestos.

While lmpém__fsments in optléal migroscopy resolution might be useful in establishing
new crlterlaéfor counting ﬁbers studies would need to be conducted to evaluate inter-
operator and mter—laboratory differences similar to that which has been conducted for the

" current PCM method. Resbits from experimental animal studies and the evaluation of

fiber lung burdens in exposed asbestos workers suggest that fibers thinner than 0.1 um
are most associated with mesothelioma and fibers <0.15 pm in diameter with lung cancer
and asbestosis [Lippman 1988], so even improvement in the resolution of optical
microscopy may not provide the information needed to completely assess the risks for
mesothelioma, lung cancer, or lung fibrosis.

Transmission electron microscopy (TEM) can resolve fibers with diameters < 0.01 um
which is adequate for detecting the presence of asbestos and other mineral fibers
collected in airborne samples. TEM, as well as scanning electron microscopy (SEM),
provide improved resolution for detecting and sizing fibers. Both methods also provide
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the capability for mineral identification using selected area x-ray diffraction and/or
elemental analysis (e.g., energy dispersive x-ray analysis). The cost of using TEM and/or
SEM for routine sample analysis would be considerably higher than PCM analysis and
the turnaround time for sample analysis would be increased substantially. In addition, any
routine use of electron microscopy (EM) methods for counting and sizing fibers would
require an analysis of inter-operator and inter-laboratory variability. '

2.2.3 Develop a practical analytical method for air samples 1o differentiate between
exposures to asbestiform fibers from the asbestos minerals‘and exposures to
fiber-like cleavage fragments from their non-asbestiform’analogs.

A recently published ASTM International Standard “Methed for-Sampling and\Counting
Airborne Fibers, Including Asbestos Fibers, In MineSran'c\RQuarries’, b}}Phase Contrast
Microscopy™ (D7200-06) [ASTM 2006] contains aproposed methoddlogy for separating
fiber-like particles from probable asbestos fibers®The new ASTM procédute, which uses
PCM-determined morphologic features to differentiate fibef:like cleavage fragments
-from other fibers, has several points of deviation Fr"é%}fexié{ing PCM methodologies. The
proposed procedure uses a néw graticule that has no?beep tested for conformance with
the traditional graticule used in PCM%sbestos analysis. 1t specifies additional counting
. rules to classify particles, and there argfé?v"“ data to show tﬁé‘s‘e\ruules provide a
consistently achievable or meaningful résult! Also;x_%ly limited data are available to
show inter- or intra-operator or inter-laboratory yariation. ‘hése issues must be
addressed before the standard-can be consiﬁ‘ém‘d' acceﬁfzb:le. NIOSH currently has a
project addressing thesmﬂ"he specific.aims of théyproject include:

a. To determine the.effect on traditional PCM?ﬁber counting of exchanging the
Walton-Beckett graticule-withthe-new;RIB graticule.

b. Té'determine'inter ma- operator and inter-laboratory variation of the
téchnique of allocating particlé‘é’,to different morphological “bins” using standard
slides ' ,

c. To determiihe inter- intra- operator and inter-laboratory variation of the
techniqueiwo?‘f‘allocat-ihg particles to different morphological “bins” using real-
world mining and ore-processing samples.

The outcomes of aims (b) and (c) would include a measure of method accuracy and a
~ determination as to whether the method meets the accuracy requirements of regulatory
and other agencies:

While electron microscopy (EM) may not be suitable for routine analysis of samples, EM -
techniques, used to identify minerals (e.g., differentiate asbestiform fibers from fiber-like
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cleavage fragments) need to be further investigated and evaluated to determine whether
the results can be reproduced by multiple microscopists and laboratories.

- 2.2.4 Develop analytical methods to assess fiber durability.

While research is being conducted to determine the ability of biological assays to
evaluate the biopersistence (e.g., durability) of fibers in the lung, there is a need to
consider how fiber “durability” might be incorporated into the analysis of an air sample
containing a heterogeneous mix of fibers/particulates. Research with several types of
glass fibers and some other synthetic vitreous fibers indicate th’zﬁfhey dissolve in media
at different rates depending on the pH and dissolve more rapidly;than chrysotile and
amphibole asbestos [Leineweber 1984]. Chrysotile fibers’have begrghown to dissolve
readily in acidic pH, although the solubility varies wi_t-h\t}‘%\kgype of'acid rather than with
acid strength. Amphibole asbestos fibers have been{ghjg%"n to be rela?ivel_}r resistant to
dissolution. Research suggests that the rate of disfgglution %r most fiberssappears, to be

. . " Al .
strongly dependent on chemical compositiondnd dimension:,

The selective dissolution of fibers might be a useful pprach in eliminating specific

types of fibers/particulates collected Gh-air samples prioﬁ%‘eounting fibers. The removal
of interfering fibers/particulates prior t‘o;;c.lg:tennining fiber concentrations could eliminate
the need for additional analysis to identify, fibers and thereby reduce analytical time.
Selective dissolution of samples to remove.interférences:is v.'.,r.e}ﬁ established in NIOSH
practice. Method 5040 for-diesel exhaust ff4s4n opti‘o‘anor using acidification of the filter

-sample with hydrochlofi¢ acid toyremove catbonate intefference [NIOSH 2003a]. Silicate

interferences for cwag;;ﬂlg\y inf@d spectroscepic detection are removed by phosphoric
acid digestion in Methed;7603 [NIOSH 2003b]!_*A‘lthough selective dissolution might be
accomplished, research will bc’mryrtqz;igyelop and characterize a procedure that
would correlate.residual fiber,count to toxicity.

2.2.5Develop and validate thoratic-size selective sampling methods for fibers

For measuring*concentrations of non-fibrous dust in workplaces, conventions have been
developed fo}%pling the aerosol fractions that penetrate to certain regions of the
respiratory tract upoh inhalation: the inhalable fraction of dust that enters into the nose or
the mouth; the thoracic;fraction of dust that penetrates into the thorax (i.e., beyond the
wind pipe); and the,r;gpirable fraction of dust that reaches the alveolar lung. The thoracic
convention is recognized by NIOSH and other organizations that recommend exposure
limits, and NIOSH has begun to apply it in the derivation of RELs (e.g., metalworking
fluids). : ' -

Fibers currently are collected for measurement using a standard sampling method, which
is described in Method 7400 [NIOSH 1994a], in MDHS 39/4 [HSE 1995], and in ISO
8672 [1ISO1993]. In these methods, air samples are taken using a membrane filter housed
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in a cassette with a cowled sampling head. Early studies [Walton 1954] showed that

some exclusion of very coarse particles occurs due to elutriation in the vertical cowl, but
its selection characteristics should have little effect on the collection efficiency for fibers. -
However, when Chen and Baron [1996] evaluated the sampling cassette with a

conductive cowl used in sampling for asbestos fibers, they found inlet deposition was
higher in field measurements than predicted by models. ‘

Currently, NIOSH does not recommend an upper limit for asbestos fiber diameter, which
has generated some criticism that some fibers counted by NIOSH*Method 7400 (A rules)
may not be inhalable. NIOSH and others have recommended NFOSH*Method 7400 (B
rules) for the sampling and analysis of various types of fiber§rincluding asbestos [Baron
1996]. However, this method has not been field-tested for,the colleéction and analysis of
occupational exposures to many types of mineral and.organic synthegg fibers. Samples
analyzed by this method would presumably courlg‘grﬁfﬁbers in the thoraeic size range.
Thoracic'samplers would allow the colléction of‘airborne fibers that mect th
aerodynamic definition of thoracic-sized ﬁbep’s‘"ﬁﬁ}\,ﬁbers‘ﬁvith diameters equal to or less
- N . s ) . AR
than 3 pum), eliminating the deposition of large particles oﬁf{h%‘sample filterand limit

collection of fibers to those considered most pathogenic:

Two separate but complementary projects have examined the perfermance of thoracic
samplers for fibers [Jones et al. 2005; M?W@OOZ}. The rE’EﬁIE of the studies
indicated that the fiber penetration of somc\:?\thomis@;;]piers‘%as independent of fiber
length at least up to 60 umy-indicating that tl'n_e"s’gmplers’ penetration characteristics for a
fibrous aerosol should-be no*djfferent than that of an isometric aerosol. In the Jones et al.
study [2005], the Egjﬁi\/e abili%f the thorac\i_t*:‘ssamplers to produce adequately uniform
distributions of ﬁbem the me'f':ibrane filter’s Stirface was also tested. Based on the
results of these studies, mgnﬁaﬁiﬂ;;?é‘ppear to%ect the criteria of minimal fiber length
selection bigs and even distribution on the-collection filters. However, neither of these
samplepsﬁlgé beelm?undéﬁf;éld use conditions. NIOSH is currently evaluating the
two toracic samplersmthe traditional cowled sampler in two different mining

2.3 Develop informatioh and knowledge on occupational exposures to fibers and
fiber-like cleavage fragments and health outcomes.

There is a need to ascertain and document the number of workers and the types of job

tasks in which workers are potentially exposed to asbestos, fiber-like cleavage

fragments, or other mineral fibers. Commensurate with this assessment is the need to

measure and characterize worker exposures that could be used for conducting an

analysis of risk. Health surveillance of workplaces where exposure to asbestos, fiber-

like cleavage fragments, or other mineral fibers might occur could provide information
- on preclinical indicators of disease or sentinel health problems. This information will
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be beneficial in prioritizing research and identifying populatlons for potential |
epldemlologlcal studies. . : '
2.3.1 Collect and analyze available occupational exposure information to ascertain the
characteristics and extent of exposures to various types of fi ibers and fi ber-ltke
cleavage fragments. :

A strategy for prioritizing fiber resedrch should include the systematlc collection and
evaluation of mformatlon on: .

¢ Industries/occupations with exposure to various types of mingral fibers;
¢ Levels of worker exposure to airborne fibers in thesefl“pdustriesfeccwations; and
e Numbers of workers exposed in these industries/efcupations. %

The selection of industries and worker populations for study should be, basduonftheir
pe N o

..ability to contribute to understanding the core”issues.associated with fiber t3xicity, such

as: type of mineral, dimerisional characteristics (mciudmg(i ngth and dlame‘t‘f:r) of the

-airborne mineral, chemical identity, morphology (e.g.vasbestiform fiber vs. fiber-like

cleavage fragment), and information on 'ts potential biopersistence.

As an initial step, efforts should be macle to collect-and analyze avallable occupational
-exposure information (e.g., industry dataVOSHA’YMSHA‘exposure measurement data, and
NIOSH exposure measureifient,data} to ascertam the c@?me%tenstlcs and extent of
exposure to various types of fibets. CollectiSh of such data is- important to determine the
need for possible toxwlty studl‘e?medlca} survgillance, and epldemlology studies
(retrospective and prospective) ¥ :

Worker exposre assessment-studies should'be supported by improvements in the
currentlﬁsed anal}?téﬁ" methods or development of new methods that allow for the
identlﬂcatlon and quantlﬁcatlon of biologically relevant fibers in air samples. Research
on exposure-assessment a d" analytlcal methods are discussed in Section 2. 2

2.3.2 Collect an unalyze avadab[e information on health outcomes associated
with exposures to%nous types of f ibers and to fi ber—hke cleavage fragments,

The body of knowledge concemmg human health effects from exposure to fibers consists
primarily of epidemiologic studies of workers exposed to asbestos, some synthetic
vitreous fibers (e.g., glass fibers, glass and mineral wool, ceramic fibers), and several
other mineral fibers (e.g., wollastonite, attapulgite, erionite). There is general agreement
on the interpretation of human health effects data of workers exposed to fibers from the
asbestiform minerals. For example, NIOSH recently commented on the MSHA proposed

rulemaking on asbestos, stating that “NIOSH remains concerned that the regulatory

definition of asbestos should include asbestiform mineral fibers such as winchite and
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richterite, which were of major importance as contaminants in the Libby, MT
vermncullte” [NIOSH 2005]

The results from epldemlologlc studies of workers exposed to other types of mineral
fibers and to fiber-like cleavage fragments are less clear and often equivocal. Itisalso
important to determine whether other mineral fibers pose the same potential health risks
as those observed in workers exposed to fibers from the asbestiform minerals. In the
short term, it may be possible to review, analyze, and summarize the available
information on a select group of amphibole minetals that grow in-fibrous habits, such as
winchite and richterite. N

In addition to existing information from epidemiologic studies, ie);ant information on
health outcomes in human populations.exposed to various'types of\ﬁ%ers may also be
available from existing public health, occupationald/and er vironmentalsuryeillance
systems and registries in the U.S. and other counffies. Information from ex Xisting,
surveillance systems or registries, pamcularlyffh%lfor strongly fiber-associated diseases
such as mesothelioma, might prove useful for advanemg_i,m%derstandmg Of risks
associated with specific fiber types if the data are accompamed with sufficient
mformatlon to distinguish exposures towarlous fibers.

2.3.3 Conduct epidemiologic studies of workers s exposed to various types of fi ihers and
Jiber-like cleavage fragments to belter def neJhe*assocmtmn between fiber
exposure and kealth fs.

Studles that analyze mortahty a cancer incidence data can be used to assess the
association between var‘\‘us mineral fibers and respiratory and other diseases in exposed
populations. '

The hunfan database~on the healtheffects from exposure to fibers consists primarily of
Vo LYY
eptclem\li)loglc studies of workers exposed to asbestos, some synthetic vitreous fibers
(eg., glass fibers, glass and mmeral’wool ceramic fibers), and several other mineral
fibers (e.g. wollastonite, attapulgite, erionite). The results from epidemiologic studies of
workers expm to fibers {fom asbestos minerals provide the strongest human evidence
indicating that fiberscof thitacic dimension and high durability (at a sufficient dose and
latency period) pomks for malignant and nonmalignant respiratory disease. Results
from epidemiologic studies of workers exposed to other fiber types have provided limited
supporting evidence and additional epidemiologic studies should be considered for
worker populations exposed to various types of synthetic (organic and inorganic) fibers
and naturally occurring mineral fibers. Studies of populations exposed to different fibers
of similar dimension could contribute to a better understanding of fiber durability.

The following criteria should be considered in selecting and prioritizing possible worker
populations for study: 1) adequate exposure information (¢.g., ﬂber concentratioris, fiber

¢
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dimension and durability characteristics, other confounding workplace exposures); 2)
good work histories; and 3) sufficient latency and number of workers to provide adequate
statistical power to detect the health outcome(s) of interest; and 4) availability of data on
other potentially confounding risk factors. '

In addition to epidemiologic studies that address etiology, epidemiologic studies can be
used to better understand the pathogenesis of fiber-induced lung diseases. For example,
appropriately designed epidemiological studies could be used to assess the relationship
between lung fibrosis and lung cancer. Epidemioclogic studies ?‘llsﬁ):provide an
opportunity to determine whether a fiber-related increase in disease, including cancer,
occurs in other organ systems among workers occupationalrlf-«exposed to fibers.

Further epidemiological investigations based on a regentlypublished study on asbestos-
related disease in the Sierra foothills [Pan et al. 2005']%3' help clari\f_'yw{t‘l!i;spotential
toxicity of fiber-like cleavage fragments. In one’Specific lgcation, El Dorade Hills, CA,
EPA has identified asbestos fibers, mainly act?ingli’:B and tl%molite. HoweverYothers have
disputed the identification of asbestos fibers stating\t‘}jat th’éyp'%‘r—ticles are fiber-like
cleavage fragments. If the nature of the study population®s exposure can be conclusively
determined to be to fiber-like cleavagéfragments, additional.studies of this population
and other similarly exposed populatiorm%rprovide addifiopal,information on the

toxicity of these particles. '

G

For any epidemiology studies-that are warrantéd, severa fiber characterization efforts

will need to be undertaken 't‘oxc%;elop possiﬁig exposure‘gesponse relationships. These

e ExXamination of ekisting-exXposure data to develop process-specific conversion
"J\ "ﬁ.‘. -‘MM N . .
factors between diverse exposure measurements and biologically based exposure
_indices; and y : :

¢ Development of sampling and analytical strategies for prospective studies
includinﬁlectiofof bivariate (i.e., length and width) fiber distributions and a
variety of exposure indices. Exposure-effect analysis based on bivariate data for
all fibers, including those shorter than the traditional length cut-off of 5 um, could
contribute to an understanding of where a health-based exposure index cut-off for

fiber length should be set.
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2.4 Develop a broader understanding of the important determinants of toxnclty for
ﬁbers and fiber-like cleavage fragments.

Fibers encountered in the work environment are frequently heterogencous which limits
the ability of epidemiological and other types of health assessment studies to evaluate the
influence of fiber size (length and diameter), chemical composition, biopersistence, and
other morphologic characteristics on toxicity. Toxicological testing is needed to address
some of the fundamental questions about fiber toxicity that cannot be determined through
epidemiology or other types of health assessment studies.

Animal inhalation studies are needed to investigate the blqpermstence and toxicity of
L, CW

fibers with a range of chemical compositions and morphgldgicalicHaracteristics

(including crystalline habits) and representing a range’of digcrete lengths and uniform

diameters. '

Much research has been focused on lung cancérand meso?l}elioma. If it is detérmined
that some minerals have low potency for causing caﬁcer,,tlﬁﬁadditional studies may be
needed to investigate their potential for causing asbestosis.and other nonmalignant
respiratory diseases. Also, the relat1onsh1p between ﬁb?length and asbestosis should be
more fully investigated. The results of\such-research may allow,NIOSH to update current
- exposure indices by specifying differentadmm crlterla\fi_engths and diameters)

_ relevant to each of the disease outcomes agsociated-with-fiber’exposures, and by
determining whether bio lpermstence can belinefided as'%h additional criterion. However,
this research is dependérit on c@\)elopmg ne\?vftechnology and will take considerable time
to conduct, 5o new,rec mmendatlons on exposure indices cannot be developed in the
short term. '

Implicit in-gny-new, pelicy for,mineral fibers’'may be new risk assessments. Risk

assessments for lungvoaneer an'd asbestosis have been conducted on worker populations

exposegL‘Eo fibers from various asbes oS minerals. These risks have been qualitatively

confirmed in animals, butno adequﬁte quantitative dose-response inhalation studies with
.

asbestos havg been conducted in rats which would allow for comparisons between

. minerals.

2.4.1 Conduct in vitro'Stadies to ascertain what ph ysical and chemical properties
influence the toxicity of fibers and fiber-like cleavage fragments.

Within the context of answering the key\questions on fiber dimension, chemistry,
morphology, and durability, the selection of fibers to be tested should be prioritized based
on existing knowledge that workers are (potentially) exposed-and on existing exposure
information {e.g., measurement data, fiber characterization). .
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The toxicological testing should involve both in vifro methods and experimental animals.
Some of the testing can be accomplished using currently available techniques, but some
“of the needed tests, particularly the in vitro tests, must be developed and validated.

An important technological barrier to toxicological testing is the inability to generate
large quantities of fibers or fiber-like cleavage fragments in narrow length- and diameter-
classified size ranges. Although inhalation studies with size-selected refractory ceramic
fibers and glass fibers have been conducted by the Research Consulting Company
(Geneva, Switzerland) using a “water-based cyclone procedure” [Bernstein et al. 1994;
Bernstein et al. 1995], it has not been determined whether the me’t’fﬁﬁ;an be adapted for
*naturally occurring minerals. Also, the technique is considefed proprietary. NIOSH
researchers have developed a dielectrophoresis technique for gererating size-selected
fractions of fibers by length; however, the technique '-s"or?&capable.\g&gencrating small
quantities of fibers (i.c., | mg/day) suitable for short-termi~in vivo and{iﬁég{o studies
[Baron ct al. 1994]. Investigations are underwayto identify appropriat?nhaterials and
methods for generating the large quantities neéded’for chronic exposure StIdIes:

A number of in vitro cellular assays are used to asses as\p%&iﬁc biological properties of
fibers, including cytotoxicity, phagocytesis, mediator release, and chromosomal damage.

In vitro assays provide an opportunity to.]

* Evaluate the biological effects of ﬁ&crwaonatimeframe (1-to 2 weeks);

¢ Conduct studies at@'low cost compatred‘to long-term animal studies; and

e Control several’variables'in cell culture environments (e.g., culture conditions,
homogenegtﬁepulationsof cells, fiber,dose).

In addition, ipvifro assays Q"l{ﬁ}*\ se-used to-study more fundamental issues of fiber toxicity,
such as to-¢valuate critical changes in gene-activation (oncogenes) or inactivation
(cancer%pressor genes) usin‘g’?ﬁkl‘olecular biology techniques.

A currenhhypgthesis is that the reldfive toxicity of fibers increases with increasing
durability Eﬁhibh inﬂuencﬁiopersistence in the lung). This needs to be tested through
the assessment of many typié% of fibers. Several studies have been conducted with

various types of syntheticVitreous fibers (SVFs) and asbestos fibers to evaluate
differences in durability. Although a variety of different acellular in vitro assays were
used in these studiesjrall studies observed faster dissolution of SVFs compared to various
asbestos fibers in the same assay. The rate of dissolution appeared to be dependent on
chemical composition and dimension; thinner fibers tend to dissolve sooner than thicker
ones of the same fiber type. Acellular in vitro assays of durability need to be validated

against in vivo studies of biopersistence in animals.

The European Union has already adopted criteria for the hazard classification of synthetic
fibers using assay systems for determining fiber durability and short-term animal studics
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- for fiber biopersistence [European Commission 1997; European Commission 1999a;

European Commission 1999b]. Studies should be initiated to validate the ability of these
test criteria to screen for potential toxicity of other fiber types (including fiber-like
cleavage fragments). Research to validate the durability assay system and conduct short-
term biopersistence studies will require fibers (and fiber-like cleavage fragments) of
uniform dimension and/or material that is representative of occupational exposure.

Research in the following areas would help to address issues related to fiber durability:

» Apply and validate acellular in vitro assays to measure-fiber durability;
» Conduct studies to determine the effect of surface areaanid chemical composition
on the durability of various fibers. :

Another hypothesis is that fiber dimension determifies relative toxici~. phe existence of
critical fiber dimensions can be tested by exposiﬁ‘g" lung cells in culture to-fiber samples
of various discrete lengths and/or diameters. 4f§§‘?€§jsuch ag;fglstrated phagocytosis
and/or the contribution of aspect ratio or surface area to bicactivity can be tésted.

Research in the following areas would help address issucs related to fiber dimension:

e Isolate fiber samples of identical’compesition but different lengths and diameters;
¢ Conduct cell toxicity, bioactivation,1andrgenet'oxi*cit»y->g{udies to determine-critical
dimensions assogidted with fiber ac‘fi'vi‘t?; and 7 o
¢ Address whether genera" n of reactive oxidant species by fibers is a critical

factor in toXicity:
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2.4.2 Conduct animal studies to ascertain what physical _and chemical properties
influence the toxicity of fibers and fiber-like cleavage fragments.

A multi-animal testing approach has been recommended for short-term assays [ILSI
2005] and chronic inhalation studies [EPA 2000] that would provide solid scientific .
evidence on which to base human risk assessments for a variety of fiber types. To date,
the most substantial base of human health data for estimating lung cancer risk exists for -~
workers exposed to fibers from different types of asbestos minerals.

An important consideration in the conduct and interpretation of animal studies is the
selection of appropriately sized fibers that accounts for differencegsk that exist between the
rodent and humans in fiber depos1t10n characteristics. Fibers that are capable of being
s -
deposited in the bronchoalveolar region of humans carmot:be compl?t\ely evaluated in
animal inhalation studies because the maximum thofaciafiber size fora todent is a fiber
with an aerodynamic diameter of approx;matel}:ﬁﬁlm whereas .in humans the maximum
size is about 3 pm [Timbrell 1982; Su and Cheng 2006] 5

2.4.2.1 Short-Term Animal Studtes

Short-term animal studies should prlmarlly‘,%eeconducted with rats.so that information
gained (e.g., regarding overload and maXimum n.tolerated dose ;{MTD]) from these studies
can be used in designing chronic 1nha]at10n studeSQ[TITSLZOOS] The objectives of these

studies would be to:

{

*". Evaluate ﬁhee_position translocationhand clearance mechanisms;

T e Compare the biopersistence of i

durabll exp*erlmewtnd

Cgarapare in vivo pulmonary, responses to in vitro bioactivity for fi bers of different’
dlmensmns. y

More fundamentahstudies could also be performed to:

s-retained in the lung with results from in vitro

¢ Identify blomarkers that could be used to predict pulmonary inflammation,
pulmonary ﬁbr051s, and malignant transformatlon and -

» Investigate mechanisms of fiber-induced pulmonary disease.

2.4.2.2 Long-term Animal Studies '

Chronic animal inhalation stodies are réquired to address the impacts of dimension,

morphology, chemistry, and biopersistence on critical disease endpoints of cancer
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induction and fionmalignant respiratory disease. The U.S. Environmental Protection
Agency’s proposed testing guidelines (SAP report 2001-01) should be used as the criteria
for establishing the testing parameters for chronic studies [EPA 2000].

To date, chronic¢ inhalation studies have been conducted with different animal species
using different types of fibers. However, it is still uncertain which species of animal(s)
best predict(s) the risk of respiratory disease(s) for workers exposed to different fiber
types. Chronic inhalation studies should be initiated to establish exposure/dose-response
relationships for at least two animal species. The rat has histOri&g.ﬂyJ{;ecn the animal of
choice for chronic inhalation studies with fibers; however, thedow incidence of lung
tumors and mesotheliomas occurring in rats exposed to ﬁber‘s‘:fég., asbestos) suggest that
rats may be less sensitive than humans. Therefore, any f;gzure consideration for
conducting long-term animal inhalation studies shoufl_d;&c{tﬁ;gss the %ed for using a multi-
animal testing approach to help provide solid scientifi¢ vidence on whigh to base human
risk assessments for a variety of fibers of different durabilities and dimensions. (For

- example, the hamster has been proven to be afmore sensitive.model for mesothelioma

than the rat). Validation of an appropriate animal model ﬁoufﬁlreduce the réSources
needed to perform long-term experimental studies on‘other fiber types [EPA 2000].

Multi-dose animal inhalation studies with asbestos (probab qhny;oti]c, because
estimates of human risk have been established.from.¢ idemiologic studies of chrysotile-
exposed workers) are needed to provide fﬁl\impneyed Basis f@f’&omparing..the potential
cancer and non-cancer risks:associated with'other types'of mineral fibers and various
types of synthetic fiberé™ The asbestos fibersadrinistef&d in these animal studies should

be comparable in size dimension fo those fibers,found in the occupational environment.

The results from theseSitidjes with asbestos (e.g},,chrysotile) would provide a “gold
standard” that could be usea*tc,walida g‘th%pt.ility of long-term inhalation studies (in rats
or other speties).as predictonswof human disease and establish relative differences

between‘the human and animal-dose-response relationships.

Studies ¢valuating the role X fibergbiopersistence and fiber dimension in the development
of non-cancer and cancer endpoints are also needed. ' :

2.4.2.3 Statistical A

The statistical analysi$ by Berman and Crump [1995] of the potency of bivariate size
distributions of asbestos in rat toxicity studies is currently being documented and updated
by the EPA. The results of this update will be of great interest and will be potentially
valuable for assessing the contribution of length and diameter to disease, as well as
differentiating the effects of fibers from various minerals. Of additional interestis
whether these statistical techniques can be adapted for use with minerals beyond the
asbestos minerals. ' : = '
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3 THE PATH FORWARD

Achievement of the research goals proposed in Asbestos and Other Mineral Fibers: A
Roadmap for Scientific Research will require a significant investment of time, scientific
talent, and resources by NIOSH and its partners. Achieving the goals will be well worth
the investment because the occupational health protection policies that NIOSH
recommends for asbestos and other mineral fibers must be based on the results of sound
scientific research. As with any strategic approach, there may be unintended and
‘unforeseen consequences that will require program adjustments a’ﬁig}f goes on.

As the Roadmap makes clear, the ideal outcome of a compr&i;e research program for
asbestos and other mineral fibers would be the developm’é’tﬁ ofrﬁiiaﬁed theory of
toxicity for thoracic-sized mineral fibers. A unified approach would specify criteria, such
as a range of chemical composition, dimensional atffibutes (e.g.,'length%nge, diameter
range, aspect ratio), and dissolution rate/fragility’(biopersistence), for considering fibers

. . . . €75 15, e N il .
as potentially toxic. It would be particularly advaﬁftageousgfacntena for inclusion could
be based primarily on results from validated in vimpshor't-tenn in vivo assays. This
would reduce the need for comprehensive toxicity tes ilT'g<andfor epidemiological
cvaluation of each material. Such an%‘ﬁprgach would have the advantage of identifying
fibers warranting concern based on theigqualities and aﬂrim}_and-even new fibers
identified or manufactured could be compmmhe\criteria.t?fda:crmine a likelihood of
health effects. A unified theory of fiber t&icityﬁf&l\c’learlfidentify the potency of
fibers for causing specificdiseases and hown: that potency,varies, depending on the
particular combinatigm@aracteristic“s&nd dose.” A unified, coherent risk
management approach for ﬁber%’ that fully incorporates this understanding of the toxicity

of fibers would then be-‘develop to minimize the potential for disease.

The extent’_%pglicy onhcerning thoracic-size fibers could be extended beyond
mineral’fﬁ;ers to synthetic vitr&%ﬁbers and even to other manufactured materials such
as engineered nanomaterials, needs tobe explored. Although engineered nanomaterials
are Welfﬁ%?ond the scopggf the Rc%dmap, it has been noted that fiber-shaped nanoscale
particles (Qf?single-walled'carbon nanotubes or SWCNTs) have been shown to cause
interstitial fibrosis:in mice hgginning within 7 days from the onset of exposure and
progressing over a.60.day,post-exposure.period [Shvedova et al. 2005).
Recommendations have’been made to systematically investigate their health effects
within the next five yfgars [Maynard et al. 2006]. Integrating the resuits of these .
nanoparticle toxicity investigations ifto the Roadmap may further the development of a
unified theory of fiber toxicity. ' :

Achieving the goals delineated in Asbestos and Other Mineral Fibers: A Roadmap for
Scientific Research is consonant with NIOSH's statutory mission to generate new

- knowledge in the field of occupational safety and health and to transfer that knowledge
into practice for the benefit of the American worker. Advancing knowledge relevant for -
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~ use in protecting workers from adverse health effects arising from exposure to asbestos

and other mineral fibers is the ultimate goal.

Though further scientific research conducted and applied by NIOSH will continue to
focus on the occupational environment, NIOSH intends to pursue partnerships to ensure
that the results of any scientific research ansmg from the Roadmap can be extended to
communities and the general envnronment

To ensure that the science arising from execution of the Roadmap is applied as broadly as
possible, NIOSH plans to partner with other Federal agencies, inellidinig the Agency for

" Toxic Substances and Disease Registry (ATSDR), the Consumér Product Safety

Commission (CPSC), the Environmental Protection Agency"(‘EPA) the Mine Safety and
Health Administration (MSHA), the National Institute ogﬂStandard&and Technology .
(NIST), the National Institute of Environmental Health.Sciences (NIEHS) the National
Toxicology Program (NTP), the Occupational Safetﬁ#&*Health Admlmstratlon ,
(OSHA), and the United States Geological SuweﬁUSGS} as well as w1t}'4}lab01:,
industry, academia, practitioners and other intéested partiesy, Partnerships and”
collaborations will be used to help focus the scop?gsfithe research to be undé?taken,
enhance extramural research activities, and assist in the development and dissemination
of educational materials describing th¢-eutcomes of fibefwresearch and their implications
for occupational and public health policies andpractlces.

NIOSH looks forward to mtegratmg the re earch-geals set forth in the Roadmap into the
e v
industry sector-based, research- to-practlce\?ocused Natlonal Occupational Research

Agenda (NORA). NOI(:A is-ap genda for the Nation afid the goals and objectives of this -
~ Roadmap can be substantaally adanced through robust public-private sector partnershlp
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Acicular: Having the shape of a needle.

Amosite: An amphibole mineral in the cummingtenite-grunetite series.

—_

5 GLOSSARY

‘Actinolite: An amphibole mineral in the tremolite-ferroactinolite series. Actinolite can
occur in both asbestiform and nonasbestiform mineral habits. The asbestiform
variety is often referred to as actinolite asbestos.

Amghtbole A group of generally dark-colored rock- formmg mlnerals composed of -
double chain SiOy tetrahedra, linked at the vertices and “generally containing ions
of iron and/or magnesium in their structures. - Amphlba &minerals are of either
igneous or metamorphic origin. :

t.occurs in the
asbestiform habit. The name amosite is-4 Commercjal term derived fromithe
acronym for "Asbestos Mines of Soutlfﬁkfti." Amosite is commonlyTeferred to
as "brown asbestos." ' : 4

Anthophyllite: Anamphibole mincri] that can occur in bothsthe asbestiform and
nonasbestiform mineral habits. T}%ﬁsbcstlform variety;is.often referred to as
anthophyllite asbestos y

Asbestiform: A specifictype-of mineral fibresity in wh1chthe growth is primarily in one

dimension and fHe crysials form natu\?ally as Iong, flexible fibers. In minerals
oceurring il m"asbesnform habit, fibers form in bundles that can be scparated into
smaller bundlcS-and ultlmately into fibrils” All asbestos minerals occur in the
asbestiform hablﬁnum‘gf%ll mmerals*ﬁ%mg asbestiform habit are asbestos

.

mi eraIS;

Asbestost A generic commerc:la erm for a number of silicate minerals occurring in the -
ashestiform habit. The sixdsbestos minerals are chrysotile, in the serpentine
mmeral‘*group, and tremolite asbestos, actinolite asbestos, anthophyllite asbestos,

e
cummmgtomte grunerite asbestos (amosite), and riebeckite asbestos (cr0c1dol|te)
in the amphlbole i

Aspect ratio: The ratio of the length of a particle to its diameter. .

Biogérsistence_: The ability to continue to exist in the lung or other tissue after
deposition. Biopersistence of mineral fibers is a function of their fragility, -
* durability, and clearance. : ‘

Chrysotile: ‘A mineral in the serpentine mineral group that occurs in the asbestiform
habit. Chrysotile generally occurs segregated as parallel fibers in veins or-veinlets

N
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and can easily separate into individual fibers or bundles. Often referred to as
"white asbestos,” chrysotile is used commercially for its good spinnability in the
making of textile products and as an additive in cement or friction products.

Cleavage fragment: A particle, formed by comminution of minerals (i.e., crushing,
grinding or breaking) which often is characterized by parallel sides and a
moderate aspect ratio (usually less than 20:1). At any level of examination, a
population of cleavage fragments does not exhibit fibrillar bundling of any of the
fragments. '

Crocidolite: An amphibole mineral in the glaucophane-riebvgki’te series, in which both
asbestiform and nonasbestiform habits can occur#Crocidolite is a varietal name
for the asbestiform habit of the mineral riebeckite,"and is commonly referred to as
"blue asbestos." 4 N !

-5

Durability: The resistance to degradation in | ﬂ'uids.

Fiber: An elongated particle which is longer than 5 [tm *with a minimum aspect ratio of T
3:1, and sometimes also classified as having 2 maxitnum diameter of 3 um (as this
may equate to the size of ﬁber%ﬁ}?ile.of depositing:in’thedung when inhaled).
The determination is made based on a-micrescopic anEly’s’is of an airborne sample

using NIOSH Method 7400 or an quivalent method.,

Fiber-like cleavage frdgment:yA cleavage fragment which meets the criteria specified
above for ﬁﬁb'én. In contrast to a population of asbestos fibers, a population of
fiber-like clewaﬁ?ﬁ}fragrr*fgnts does not &liibit fibrillar bundling of any of the
particles at any level'of examifiat

Fibril: s ingle fiber, of"asbets_",which cannot be further separated longitudinally
into thinner components withot losing its fibrous properties or appearances.

Fibrous: Aldéscriptive characteristic of a mineral composed of parallel, radiating, or -
interlaced‘aggregatéhéﬁof fibers, from which the fibers are sometimes separable. A
crystalline.aggregate that has a distinct fibrous appearance may be referred-to as
fibrous eve\r‘l‘\if,\iﬁié not composed of separable fibrils.

Fragilitg:The tendency of paﬁicles to break into smaller particles.

Mineral series: A grouping of minerals that includes two or more minerals in which the
cations in secondary structural position are similar in chemical properties and can
be present in variable but frequently limited ratios. The current trend in referring
to a mineral series is to simplify long series names by using the mineral name of

’

Asbestos-aﬁd Other Mineral Fibers: A Roadmap for Scientific Research . Page 45 of 47
NIOSH :



————— = - -

This information is distributed solely for the purpose of predissemination peer review under
applicable information quality guidelines. It has not been formaliy disseminated by the National
Institute for Occupational Safety and Health. it does not represent and should not be construed fo
1. ] represent any agency determinat:on or policy.

only one (end or mtermedlate) member (e.g., tremolltc for tremollte actinolite-
ferroactinolite). - . o

Mineral series such as cummingtonite-grunerite and tremolite-ferroactinolite are
created when one cation is replaced by another in a crystal structure without
significantly altering the structure. There may be a gradation in the structure in
some series, and minor changes in physical characteristics may occur with
elemental substitution. Usually a series has two named end members with any
intermediate minerals sometimes being separately named.6r-otherwise assigned
no discreet name but merely referred to as members of A€ series. Members of the
tremolite-ferroactinolite series are hydroxylated calmﬁ‘r'ﬁ:magnesnum magnesium-
iron, and iron silicates, with an intermediate memb‘é'f of | thi$'series being named

actinolite. AA
Nonasbest:form. The massive non-fibrous form&’of the agbestos minerals fiave the same
Pt ‘%
chemical formula as the asbestiform varlety;gxut haVe crystal habits'where growth
proceeds in two or three dimensions instead.of one ‘ithension, When milled,
these minerals do not break into fibrils but rather: into fragments resulting from
cleavage along the two or thré\gromh planes \

Other Minerals: Minerals not covered by t of asbestos.

Platy: Occurring i in ﬂakyla VErs.

Refractory ceramic ttber (RCF !_ An amorpho s, synthetic fiber (Chemlcal Abstracts
Services No.142844-00-6). produced by‘ﬁi"tmg and blowing or spinning calcined

kaolin clay or a combiation of -alumind (ALlz03) and silicon dioxide (Si0z).
Oxades_(su‘h“as zirconia, fermmgrtltamum oxide, magnesium oxide, and
cAlCium oxnde) and alkah"smay be added. The percentage (by weight) of

@_ﬂ{ponents of R Rgf is: aﬁ@{ 20% to 80%; silicon dioxide, 20% to 80%; and
othéroxides in smaller amounts.

Synthetic vitreous.fiber (SVF): Any of a number of manufactured fibers produced by
the melting and subequent fiberization of kaolin clay, sand, rock, slag, etc.
Fibrous glass, mineral wool, ceramic fibers,-and alkaline earth silicate wools are
the major typ?’s’ of SVF, also called man-made mineral fiber (MMMF) or man-
made vitreous fiber (MMVF).

" Thoracic fiber: A particle meeting the definition of a fiber that is deposited anywhere in
- the lung airways and the gas exchange region of the lung.
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~ Tremolite: An amphibole mineral in the mineral series tremolite-ferroactinolite.
Tremolite can occur in both the asbestiform and nonasbestiform mineral habits. The
asbestiform variety is often referred to as tremolite asbestos.
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