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FOREWORD

The purpose of this Toxicological Review is to provide scientific support and rationale
for the hazard and dose-response assessment in IRIS pertaining to chronic inhalation exposure to
Libby Amphibole asbestos, a unique mixture of asbestos fibers originating from the vermiculite
mine near Libby, MT. Itis not intended to be a comprehensive treatise on the agent or
toxicological nature of Libby Amphibole asbestos. The purpose of this document is to establish
a Libby Amphibole asbestos-specific reference concentration to address noncancer health effects
and to characterize the carcinogenic potential and establish an inhalation unit risk for Libby
Amphibole asbestos-related lung cancer and mesothelioma mortality.

The intent of Section 6, Major Conclusions in the Characterization of Hazard and
Exposure Response, is to present the significant conclusions reached in the derivation of the
reference dose, reference concentration, and cancer assessment where applicable, and to
characterize the overall confidence in the quantitative and qualitative aspects of hazard and dose
response by addressing the quality of data and related uncertainties. The discussion is intended
to convey the limitations of the assessment and to aid and guide the risk assessor in the ensuing
steps of the risk assessment process.

For other general information about this assessment or other questions relating to IRIS,
the reader is referred to EPA’s IRIS Hotline at (202) 566-1676 (phone), (202) 566-1749 (fax), or
hotline.iris@epa.gov (e-mail address).
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1. INTRODUCTION

This document presents background information and justification for the Integrated Risk
Information System (IRIS) Summary of the hazard and exposure-response assessment of Libby
Amphibole asbestos,' a mixture of amphibole fibers identified in the Rainy Creek complex and
present in ore from the vermiculite mine near Libby, MT. IRIS Summaries may include oral
reference dose (RfD) and inhalation reference concentration (RfC) values for chronic and other
exposure durations, and a carcinogenicity assessment. This assessment reviews the potential
hazards, both cancer and noncancer health effects, from exposure to Libby Amphibole asbestos
and provides quantitative information for use in risk assessments: an RfC for noncancer and an
inhalation unit risk addressing cancer risk. Libby Amphibole asbestos-specific data are not
available to support RfD or cancer slope factor derivations for oral exposures.

An RfC is typically defined as “an estimate (with uncertainty spanning perhaps an order
of magnitude) of a continuous inhalation exposure to the human population (including sensitive
subgroups) that is likely to be without an appreciable risk of deleterious effects during a
lifetime.” In the case of Libby Amphibole asbestos, the RfC is expressed in terms of the lifetime
exposure in units of fibers per cubic centimeter of air (fibers/cc) in units of the fibers as
measured by phase contrast microscopy (PCM). The inhalation RfC for Libby Amphibole
asbestos considers toxic effects for both the respiratory system (portal-of-entry) and for effects
peripheral to the respiratory system (extrarespiratory or systemic effects) that may arise after
inhalation of Libby Amphibole asbestos. In this assessment, the estimates of hazard are derived
from modeling cumulative exposures from human data, and thus for exposures of less than a
lifetime the risk assessor should calculate a lifetime average concentration to compare to the
RfC.

The carcinogenicity assessment provides information on the carcinogenic hazard
potential of the substance in question, and quantitative estimates of risk from inhalation
exposures are derived. The information includes a weight-of-evidence judgment of the
likelihood that the agent is a human carcinogen and the conditions under which the carcinogenic

effects may be expressed. Quantitative risk estimates are derived from the application of a low-

! The term “Libby Amphibole asbestos” is used in this document to identify the mixture of amphibole mineral fibers
of varying elemental composition (e.g., winchite, richterite, tremolite, etc.) that have been identified in the Rainy
Creek complex near Libby, MT. It is further described in Section 2.2.
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dose extrapolation procedure from human data. An inhalation unit risk (IUR) is typically
defined as a plausible upper bound on the estimate of cancer risk per pg/m? air breathed for

70 years. For Libby Amphibole asbestos, the RfC is expressed as a Lifetime Daily Exposure in
fibers/cc (in units of the fibers as measured by PCM), and the IUR is expressed as cancer risk per
fibers/cc (in units of the fibers as measured by PCM).

Development of these hazard identification and exposure-response assessments for Libby
Amphibole asbestos has followed the general guidelines for risk assessment as set forth by the
National Research Council (1983). U.S. Environmental Protection Agency (EPA) Guidelines
and Risk Assessment Forum technical panel reports that may have been used in the development
of this assessment include the following: Guidelines for the Health Risk Assessment of Chemical
Mixtures (U.S. EPA, 1986¢), Guidelines for Mutagenicity Risk Assessment (U.S. EPA, 1986b),
Recommendations for and Documentation of Biological Values for Use in Risk Assessment (U.S.
EPA, 1988b), Guidelines for Developmental Toxicity Risk Assessment (U.S. EPA, 1991a),

Interim Policy for Particle Size and Limit Concentration Issues in Inhalation Toxicity (U.S. EPA

1994a), Methods for Derivation of Inhalation Reference Concentrations and Application of
Inhalation Dosimetry (U.S. EPA, 1994Db), Use of the Benchmark Dose Approach in Health Risk
Assessment (U.S. EPA, 1995), Guidelines for Reproductive Toxicity Risk Assessment (U.S. EPA
1996), Guidelines for Neurotoxicity Risk Assessment (U.S. EPA, 1998), Science Policy Council
Handbook: Risk Characterization (U.S. EPA, 2000c), Benchmark Dose Technical Guidance
Document (U.S. EPA, 2000a), Supplementary Guidance for Conducting Health Risk Assessment
of Chemical Mixtures (U.S. EPA, 2000d), A Review of the Reference Dose and Reference

Concentration Processes (U.S. EPA, 2002), Guidelines for Carcinogen Risk Assessment (U.S.

EPA, 2005a), Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to
Carcinogens (U.S. EPA, 2005b), Science Policy Council Handbook: Peer Review (U.S. EPA
2006d), and A Framework for Assessing Health Risks of Environmental Exposures to Children
(U.S. EPA, 2006b).

The literature search strategy employed for this assessment is based on EPA’s National

Center for Environmental Assessment’s Health and Environmental Research Outline database
tool (which includes PubMed, MEDLINE, Web of Science, JSTOR, and other literature
sources). The key search terms included the following: Libby Amphibole, tremolite, asbestos,

richterite, winchite, amphibole, and Libby, MT. The relevant literature was reviewed through
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July 2011. Any pertinent scientific information submitted by the public to the IRIS Submission

Desk was also considered in the development of this document.

1.1. RELATED ASSESSMENTS
1.1.1. IRIS Assessment for Asbestos (U.S. EPA, 1988a)
The IRIS assessment for asbestos was posted online in IRIS in 1988 and includes an ITUR

of 0.23 excess cancers per 1 fiber/cc (U.S. EPA, 1988a) (this unit risk is given in units of the

fibers as measured by PCM). The IRIS IUR for general asbestos is derived by estimation of
excess cancers for a continuous lifetime exposure and is based on the central tendency—not the
upper bound—of the risk estimates (U.S. EPA, 1988a) and is applicable to exposures across a

range of exposure environments and types of asbestos (CAS Number 1332-21-4). Although

other cancers have been associated with asbestos (e.g., laryngeal, stomach, ovarian) (Straif et al.

2009), the IRIS IUR for asbestos accounts for only lung cancer and mesothelioma. Additionally,
pleural and pulmonary effects from asbestos exposure (e.g., localized pleural thickening,
asbestosis, and reduced lung function) are well documented, though, currently, there is no RfC
for these noncancer health effects.

The derivation of the unit risk for general asbestos is based on the Airborne Asbestos
Health Assessment Update (AAHAU) (U.S. EPA, 1986a). The AAHAU provides various cancer

potency factors and mathematical models of lung cancer and mesothelioma mortality based on

synthesis of data from occupational studies and presents estimates of lifetime cancer risk for

continuous environmental exposures (0.0001 fiber/cc and 0.01 fiber/cc) (U.S. EPA, 1986a) (see

Table 6-3). For both lung cancer and mesothelioma, life-table analysis was used to generate risk
estimates based on the number of years of exposure and the age at onset of exposure. Although
various exposure scenarios were presented, the unit risk is based on a lifetime continuous
exposure from birth. The final asbestos IUR is 0.23 excess cancer per 1 fiber/cc continuous
exposure? and was established by the EPA Carcinogen Risk Assessment Verification Endeavor
workgroup and posted on the IRIS database in 1988 (U.S. EPA, 1988a) (see Table 1-1).

An IUR of 0.23 can be interpreted as a 23% increase in lifetime risk of dying from mesothelioma or lung cancer
with each 1 fiber/cc increase in continuous lifetime exposure.
This document is a draft for review purposes only and does not constitute Agency policy.
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Table 1-1. Derivation of the current IRIS inhalation unit risk for asbestos
from the lifetime risk tables in the AAHAU

Excess deaths per 100,000
Gender Mesothelioma| Lung cancer Total Risk Unit risk
Female 183 35 218.5 2.18 x 10
Male 129 114 242.2 2.42 x 10
All 156 74 230.3 2.30 x 10 0.23

®Data are for exposure at 0.01 fibers/cc for a lifetime.
AAHAU = Airborne Asbestos Health Assessment Update.
Source: U.S. EPA (1988a).

1.1.2. EPA Health Assessment for Vermiculite (1991b)

An EPA health assessment for vermiculite reviewed available health data, including
studies on workers who mined and processed ore with no significant amphibole fiber content.
The cancer and noncancer health effects observed in the Libby, MT worker cohort were not seen
in studies of workers exposed to vermiculite from mines with similar exposure to vermiculite but
much lower exposures to ashestos fibers. Therefore, it was concluded that the health effects
observed from the materials mined from Zonolite Mountain near Libby, MT, were most likely
due to amphibole fibers not the vermiculite itself (U.S. EPA, 1991b). At the time, EPA
recommended the application of the IRIS IUR for asbestos fibers (0.23 per fiber/cc) in

addressing potential risk of the amphibole fibers entrained in vermiculite mined in Libby, MT.

1.2. LIBBY AMPHIBOLE ASBESTOS-SPECIFIC HUMAN HEALTH ASSESSMENT
Libby Amphibole asbestos is a complex mixture of amphibole fibers—both
mineralogically and morphologically (see Section 2.2). The mixture primarily includes
tremolite, winchite, and richterite fibers with trace amounts of magnesioriebeckite, edenite, and
magnesio-arfvedsonite. These fibers exhibit a complete range of morphologies from prismatic

crystals to asbestiform fibers (Meeker et al., 2003). Epidemiologic studies of workers exposed to

Libby Amphibole asbestos fibers indicate increased lung cancer and mesothelioma, as well as
asbestosis, and other nonmalignant respiratory diseases (Larson et al., 2010b; Larson et al.,
2010a; Moolgavkar et al., 2010; Rohs et al., 2008; Sullivan, 2007; McDonald et al., 2004, 2002;
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Amandus et al., 1988; Amandus et al., 1987a; Amandus and Wheeler, 1987; Amandus et al.,
1987b; McDonald et al., 1986a; McDonald et al., 1986b; Lockey et al., 1984).
The IRIS database has an IUR? for asbestos based on a synthesis of 14 epidemiologic

studies that included occupational exposure to chrysotile, amosite, or mixed mineral exposures

(chrysotile, amosite, crocidolite) (U.S. EPA, 1988a, 1986a). There is some uncertainty in

applying the resulting IUR for asbestos to exposure environments and minerals different from
those analyzed in the AAHAU (U.S. EPA, 1986a). There is currently no RfC, RfD, or oral slope
factor derived for asbestos on the IRIS database.

% For purposes of this document, termed “IRIS TUR.”
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2. LIBBY AMPHIBOLE ASBESTOS: GEOLOGY, USE, AND EXPOSURE POTENTIAL

2.1. HISTORICAL BACKGROUND

The term Libby Amphibole asbestos* refers to various mineral forms of amphibole
asbestos found in the rocks and ore of Zonolite Mountain, 6 miles northeast of Libby, MT (see
Figure 2-1). Zonolite Mountain contains a large vermiculite deposit that has been mined since
the early 1920s for various commercial uses. Vermiculite miners, mill workers, and those
working in the processing plants were exposed to these amphibole fibers, which remain within
the vermiculite ore and product. As amphibole asbestos is present in the geological deposit from
which the vermiculite ore was being mined, workers were exposed to asbestos fibers during
various activities such as extracting ore from the mine, transporting ore and waste rock, milling

operations, and shipping the final product (Meeker et al., 2003; Amandus et al., 1987a;

McDonald et al., 1986a). Mortality and morbidity studies on the mine and mill workers from

Libby have reported adverse health effects in these workers including lung cancer, mesothelio-
ma, nonmalignant respiratory disease (NMRD; e.g., asbestosis), and pleural abnormalities
(McDonald et al., 2004; Amandus and Wheeler, 1987; Amandus et al., 1987b; McDonald et al.,
1986a; McDonald et al., 1986b);Sullivan, 2007, 709497;Larson, 2010, 711560;Moolgavkar,
2010, 709457}, Pleural abnormalities and

signs of interstitial fibrosis have also been

reported in workers exfoliating and
processing expanded Libby vermiculite in
other facilities (Rohs et al., 2008; Lockey et
al., 1984).

The primary commercial product from

the Zonolite mining operation was vermiculite
. . . , ' % ZONOLITE COMPANY
concentrate, which is produced by screening v ’ = LIBSY. MaNTANA

z

;

and grading the ore to enrich for the raw A U e

A . . Figiu 2-1. Vermiculite mining operation on
vermiculite mineral. The unexpanded mineral  7,lite Mountain, Libby, Montana.

“The term “Libby Amphibole asbestos” is used in this document to identify the mixture of amphibole mineral fibers
of varying elemental composition (e.g., winchite, richterite, tremolite, etc.) that have been identified in the Rainy
Creek complex near Libby, MT. Itis further described in Section 2.2.
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exhibits a sheetlike structure that is seen in related minerals (e.g., mica) (see Figure 2-2).

()

Figure 2-2. Expanded vermiculite (a) and vermiculite attic insulation (b)
(VAI) shown in place between ceiling joists.

When heated to approximately 150°C, the vermiculite mineral expands like popcorn into
a light porous material. This process of expanding the mineral ore is termed “exfoliation” or
“popping” and occurs when the silicate sheets within the ore are rapidly dehydrated by applying
high heat. Libby Amphibole asbestos fibers were released during the energetic and other kinetic
processing of the ore and vermiculite concentrate, potentially exposing workers.

A portion of the vermiculite concentrate was exfoliated in Libby, MT and either used
locally or packaged and shipped for use elsewhere. However, most of the vermiculite
concentrate was transported across the country and elsewhere to expansion plants where it was

exfoliated and distributed. The Agency for Toxic Substances and Disease Registry (ATSDR

2008b) has surveyed 28 of these facilities, identifying potential community exposures both to
amphibole asbestos fibers from the vermiculite concentrate before exfoliation, during exfoliation,
and during processing and in waste rock from the processing plants (see Section 4.1.4 and

Figure 2-3). Vermiculite from the Libby, MT mine was used commercially from the 1920s to
1990, and a review of company records from 1964—1990 indicates that approximately

6,109,000 tons of vermiculite concentrate was shipped to over 200 facilities (ATSDR, 2008b).

Expanded vermiculite from the Libby, MT site was used in numerous consumer and construction
products: including attic insulation, packing material, and soil conditioners, and in the production
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Figure 2-3. Nationwide distribution of Libby ore by county (in tons). Data
on the distribution of ore are based on approximately 80,000 invoices that EPA

obtained from W.R. Grace that document shipments of vermiculite ore made from

the Libby mine between 1964 to 1990. EPA tabulated this shipping information
in a database.

Source: U.S. GAO (2007).

of gypsum wall board. There is also potential for exposure to Libby Amphibole asbestos in these

products (see Section 2.4).

2.2. GEOLOGY AND MINERALOGY OF LIBBY AMPHIBOLE ASBESTOS

A large vermiculite deposit is located on Zonolite Mountain, northeast of Libby, MT,

within a geologic unit known as the Rainy Creek complex. Geologic processes within the Rainy

Creek complex have resulted in the formation of fibrous amphiboles adjacent to igneous
intrusions into the complex (veins and dikes of alkaline granite, pegmatite, and quartz)

(Boettcher et al., 1996). The amphibole fibers identified fall within the tremolite-richterite-
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magnesioriebecktite solid solution series (e.g., winchite, richterite, and tremolite) (Meeker et al.

2003). An appropriate understanding of the mineralogy and geology of these materials is helpful
in defining the mineral fibers in Libby Amphibole asbestos.

Geological terms provide fiber and mineral definitions based on habit of formation and
fiber morphology. Conversely, the analytical methods that have been used to count fibers in air
samples, in both historical and current exposure environments, define microscopic fibers based
on dimensional characteristics and mineralogy (depending on the analytical method). Current
analytical methods do not have specific procedures for determining fiber morphology at the
microscopic level. Because the human and experimental animal data on adverse health effects of
asbestos rely on available analytical methods to document exposure, these definitions are
relevant to determining what constitutes a fiber for this health assessment. Therefore, available
data on the fiber morphology and fiber-size distribution of Libby Amphibole asbestos are

presented in the following sections.

2.2.1. Silicate Minerals

Silicate minerals are basically made up of oxygen and silicon, two of the most abundant
elements in the Earth’s crust. Approximately 25% of known minerals and 40% of the common
minerals are silicates. Silicate minerals are hard, infusible, and have very low solubility in strong
mineral acids. Specific gravity ranges from fairly light to intermediate, luster is commonly
glassy, and most crush to a light powder even when the bulk specimen is black prior to crushing.
Silicates chiefly occur as components of rocks, segregations in rocks, or crystals lining cavities
in rocks. Most hard silicates are primary minerals (i.e., mineral forms that have not undergone
oxidative weathering). Secondary silicates have undergone oxidative weathering and contain

water of hydration (Dana et al., 1977). Silicate minerals can be defined by chemical structure,

crystal structure, trace minerals, and habit of formation.

The basic chemical unit of silicate crystalline structure is the [SiO4]* tetrahedron-shaped
anionic group. The basic unit consists of four oxygen molecules at the apices of a regular
tetrahedron surrounding and coordinated with one silicon ion (Si**) at the center. The chemistry
is such that the oxygen molecules can bond to another silicon ion and, therefore, link one
[SiO,4]* tetrahedron to another, and then another, and so forth by the process of polymerization.

The silicates can form as single tetrahedrons, double tetrahedrons, chains, sheets, rings and
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framework structures (see Figure 2-4). More complex three-dimensional structures tectosilicates
(frameworks) may also form mineral fibers (e.g., erionite).

Each subclass of silicates has many mineral members. Specific minerals are defined by
the structure, chemistry, and morphology of the mineral. The minerals of interest in this
assessment are various forms of amphiboles (double-chain inosilicates) and vermiculite (a

phyllosilicate) (see Figure 2-4).

2.2.1.1. Mineralogy and Structure of Amphiboles

The mineralogy of amphiboles is important to understanding which mineral forms are
present in the Libby vermiculite mine, and, therefore, considered to be Libby Amphibole
asbestos. Amphibole minerals are double-chain inosilicates, meaning the chemical building
block for amphiboles is connected chains of the silicon tetrahedron (see Figure 2-4c).
Amphiboles form when edge-shared octahedra link two of the double-chain [SiO4]* plates (see
Figure 2-4d). The specific cations between the two double-chain plates define the elemental
composition of the mineral, while the ratio of these cations in each location is used to classify
amphiboles within a solid-solution series. The cation sites are designated as A, B, and C in
Eqg. 2-1, which shows the general chemical formula for double-chain inosilicate amphiboles. The
Libby Amphibole asbestos is a complex mixture of mineral forms defined by the cation ratios in

each site (further discussed in Section 2.2.3).

Ap 1B2CsTg022(0OH, F, Cl), Eqg. 2-1

where:

A=Na K

B = Na, Li, Ca, Mn, Fe**, Mg
C = Mg, Fe**, Mn, Al, Fe**, Ti
T =Si, Al
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(a) Nesosilicates or single tetrahedron.

The single tetrahedron comprises four oxygen
molecules covalently bound to the silicon, at
the center of the [SiO,]* -tetrahedron.

(b) Inosilicates [ino (gr.) = thread] -
Single-chain silicates. Chain silicates are
realized by linking [SiO,]* -tetrahedrons in a
way to form continuous chains. They can be
represented by a composition of [SiOz]*. A
typical example is diopside CaMg[Si,Og], in
which the “endless” chains are also held
together by Ca®* and Mg?* ions.

(c) Inosilicates - Double-chain silicates.
Two silicate chains of the inosilicates are
linked at the corners, forming double-chains
and yielding [Si,0,]° ions, as realized in
the tremolite-ferro-actinolite series
Ca,(Mg,Fe)sSig0,,(0OH),. Double-chain
silicates are commonly grouped with the
single-chain inosilicates.

(d) Phyllosilicates [phyllo (gr.) = sheet] or
sheet silicates. These are formed if the
double-chain inosilicate [Si,Ox;]® chains are
linked to form continuous sheets with the
chemical formula [Si,Os]*. Examples of
sheet silicates include chrysotile
MgsSi,O5(OH) and vermiculite [(Mg,
Fe,A)3(AI,Si)2010(OH)2 .4H20]
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Figure 2-4. Structure of the silicate minerals, illustrating silicate subclasses
by the linking of the basic silicon tetrahedron (a) into more complex

structures (b, c, or d).
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The mineral subgroup within amphiboles is determined by the elemental composition.

e Tremolite subgroup (Ca amphiboles)
e Anthophyllite subgroup (Fe-Mg-Li orthoamphiboles)
e Richterite subgroup (Ca-Na amphiboles)

e Cummingtonite (Fe-Mg-Li clinoamphiboles)

A solid solution series includes a continuum of minerals with different cation
composition for each site. Solid solution series are defined by their end-members, where mineral
terminology can change as the proportion of cations changes within the crystalline structure. For
example, a solid solution series for the cation Site A will have one end-member with 100%
sodium ions and one end-member with 100% potassium ions. This series would include all
intervening ratios. Because each cation site has multiple possibilities, the elemental composition
of the amphibole silicates can be quite complex. It is the complexity of the amphiboles that
historically has given rise to a proliferation of mineral names with no systematic basis
(Hawthorne, 1981). Currently, amphiboles are identified by a clear classification scheme based

on crystal chemistry that uses well-established names based on the basic mineralogy, with
prefixes and adjective modifiers indicating the presence of substantial substitutions that are not

essential constituents of the end-members (Leake et al., 1997). The mineral classification system

does not designate certain amphibole mineral as asbestos. However, some mineral designations
have traditionally been considered asbestos (e.g., tremolite, anthophyllite.) Other commercial
forms of asbestos were known by trade names (i.e., amosite) rather than mineralogical

terminology (i.e., an amphibole mineral in the cummingtonite-grunerite solid solution series).

2.2.1.2. Amphibole Morphology

Mineral morphology is a function of the structural form of the silicate and the geologic
habit of formation, weathering and other mechanical processes. This discussion will focus on
morphology with respect to amphibole minerals.

The basic crystal structure of amphibole mineral is formed by the binding of a series of
double-chain plates (see Figure 2-5). Where the conditions are suitable, these crystals may form
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Figure 2-5. Cross-section of amphibole fibers showing the silicon
tetrahedrons (A) that make up each double-chain plate (shown along the
fiber axis). Cations (shown as the darkened dots) occur between the plates
forming the basic fiber.

Source: Kroschwitz and Seidel (2010).

as elongated particles. The morphology of the elongated crystal structure is a function of the
temperature, pressure, local stress field and solution chemistry conditions during
crystallization—habit of formation. Thus, morphology at this level is described in terms of the
crystal forms which result from different habits of formation. Individual amphibole structures
may be described as acicular, prismatic, or a fibrous. A fiber would be an elongated crystal with
parallel sides, where acicular crystals are “needlelike” in appearance and prismatic crystals may
have several non parallel faces (e.g., varied, faceted faces). Asbestiform morphology is present
where the habit of formation allows crystals to form very long individual fibrils and fibers which
may become visible to the naked eye (see Figure 2-6). Thus, the amphibole crystalline structure
may result in a range of particle morphologies, including fibers. Where conditions are not
conducive to the formation of individual fibers and particles, the amphibole is described as
massive—appearing as a solid contiguous sample. Mechanical forces that break amphibole

crystals along the cleavage plane create smaller pieces or cleavage fragments. These fragments
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Figure 2-6. Comparison of crystalline forms amphibole minerals. Panel A
shows a specimen identified as an amphibole mineral in the
cummingtonite-grunerite solid solution series, although crystalline in form,
the habit of formation did not favor formation of individual particles and
fibers, hence its appearance as ‘massive’. Panel B shows an amphibole mineral
with very similar elemental composition but formed in a habit where very long
fibers were allowed to form—hence the asbestiform appearance.

Source: Adapted from Bailey (2006).

may be elongated, but differ from the crystals described above as at least one face of the
structure is the cleavage plane—not the face of a formed crystal.

With respect to classifying mineral field samples, geologists applied descriptive terms
appropriate for viewing samples simply or at low magnification (e.g., field glass). The geologic
terms for fiber morphology for classification of field samples is based on the macroscopic

appearance of the crystals and fibers (e.g., acicular “needle-like in form”) (AGI, 2005). In this

framework, asbestos and asbestiform fibers are defined as long, slender, hair-like fibers visible to
the naked eye (see Figure 2-6). This is a hallmark of commercially mined asbestos which is
sought after for numerous applications because of its high tensile strength, heat resistance and in
some cases, can be woven. Although these terms were used to describe fibers in hand samples
and identify commercially valuable asbestos they are only applicable at the macroscopic level. It
is important to realize that material defined as commercial asbestos, mined, milled, and
manufactured into products not only contained these visible fibers, but many smaller fibers and
single crystals which were not visible to the naked eye (Dement and Harris, 1979). As further
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explained in Section 3, only these smaller fibers can enter the lung and transport to the pleura

where the health effects of asbestos are best characterized. Therefore, for the purposes of this

assessment (i.e., examining the health effects of asbestos fibers), consideration must be given to

how these microscopic fibers are defined. For this purpose, terms intended for describing field

samples may need to set aside, or redefined when applied at the microscopic level.

Currently there are several technologies commonly used to view and identify mineral

structures at high magnification using light microscopes or electron microscopy. As standard

analytical methods were developed for counting mineral fibers, structures and matrices using

these instruments, analytical definitions to describe fibers and structures were developed. Phase

contrast microscopy (PCM) was developed to detect fibers in occupational settings and has been

widely used to assess worker exposure (see Text Box 2-1). The definition of a PCM-fiber is
based purely on its dimensions. The standardization of the PCM method (i.e., NIOSH 7400) and

its importance in applying health standards in occupational settings, results the common usage of

the term ‘fiber’ to refer to those objects counted in the PCM analytical method (NIOSH, 1994a).

However, this method cannot define the material or morphology of the viewed fiber. Thus

PCM-fibers may be any material, and if they are mineral
fibers may be any fiber morphology. If the nature of the
fiber needs to be defined, NIOSH Method 7402 employs
electron microscopy to determine if the fibers viewed by
PCM are mineral fibers, and can establish the mineral
composition (NIOSH, 1994b). This method does not
recount the fibers, but, rather, it identifies what proportion

of the fibers are mineral fibers, with an elemental
composition consistent with asbestos, which is then used
to adjust the PCM-fiber count. Although the PCM-fiber
definition was not based on either mineralogy or an
understanding of which fibers might be biologically
relevant, this definition has become the basis of existing
health standards (e.g., MSHA, 2008; OSHA, 1994; U.S.
EPA, 1988a).

Text Box 2-1. Fibers Viewed by Light
Microscopy

The collection of fibers on an air filter, and
visually counted under a phase contrast
microscope (PCM), was first described in
1934 by the Dutch physicist Frits Zernike.
The specification of a fiber as >5 pm in
length and length-to-diameter ratio (i.e.,
aspect ratio) of at least 3:1 resulted from this
method. As a light microscope technique, the
PCM method cannot distinguish mineral
fibers from other fibers.

The U.S. Public Health Service developed
and tested a standard air sampling method
based on PCM detection (i.e., National
Institute for Occupational Safety and Health
[NIOSH] Method # 7400). The NIOSH
method specifies the analyst count fibers
>5 um in length with an aspect ratio of at
least 3:1. Results from PCM analysis are
reported as fibers per cubic centimeter of air
(fibers/cc.)
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Electron microscopy can view objects at much higher magnification and can be coupled

with other techniques which can identify the mineralogy (see Text Box 2-2). X-ray diffraction

(XRD) may be used with the above techniques to differentiate crystalline structure of minerals in

solid materials and provides information on the availability of the total mineral present. Thus,

XRD can determine the mineral composition of the material analyzed, identifying its solid

solution series and classifying the mineral per standardized nomenclature for amphibole minerals

(see Section 2.1.1.1).

With the advent of the use of electron microscopy to identify mineral particles, there has

been an attempt to resolve the traditional dimensional fiber definition(s), by describing the

particles examined by electron microscopy and
X-ray diffraction in terms that are both
geologically and mineralogically relevant.
Structures viewed by electron microscopy may
be described as having parallel sides, and
considered ‘fibers’. Where long, thin, curving
fibers are viewed they may be described as
‘asbestiform’. Structures with nonparallel sides
can be considered acicular or prismatic,
depending on their proportions. Thus, the
descriptive terms used by geologists have
migrated into the analytical field. However, the
habit of formation of a single structure viewed
by electron microscopy cannot be determined,
and, while descriptive, these terms may not
correlate to the geologic and commercial
definitions of these terms. Therefore, the use of
these definitions to describe individual particles

viewed by TEM can be problematic (Meeker et

Text Box 2-2. Minerals Viewed by Electron
Microscopy

Electron microscopy employs electrons—rather
than light—to visualize the specimen. Furthermore,
instead of using glass lenses to focus the light
wavelengths, electromagnetic lenses are used to
focus electrons on the sample. The analytical
techniques included in electron microscopy for
asbestos testing are TEM, scanning electron
microscopy (SEM), and scanning transmission
electron microscopy (STEM). TEM produces
two-dimensional (2-D) images that generally use a
magnification factor of about 500 to 500,000x.
SEM produces three-dimensional (3-D) images that
generally result in about 10 to 300,000x
magnification. STEM can produce both 2-D and
3-D images that generally result in about 10 to
500,000x magnification.

The ISO 10312 method for analyzing air filters,
enumerates structures much smaller than the PCM
fibers with a minimum length requirement of
0.5 um. Additionally, structures with an aspect ratio
of at least 5:1 are considered fibers, rather than 3:1,
as with PCM analysis. The ISO 10312 method also
defines other structures (fiber bundles, clusters, and
matrices) that are included in the structure count.
Therefore, the term “structure” rather than “fiber” is
used when presenting air sampling results from the
ISO 10312 method where structures per cc of air
(s/cc) are reported.

al., 2003). Important characteristics such as crystal structure and surface chemistry cannot be

adequately categorized solely with visually determined definitions developed for the

classification of field samples.
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The definition of ‘fiber’ and the appropriate application of other morphological terms is
an area of ongoing debate. From a public health and regulatory perspective, a PCM-fiber is the
fiber of interest (where confirmed as a mineral fiber with an elemental composition consistent
with asbestos). There is no requirement for a PCM-fiber to be asbestiform, and, in fact, the
method explicitly includes fibers with fairly low aspect ratios (i.e., as low as 3:1). Electron
microscopy identified a much broader range of fibers (having much greater resolution) and can
provide more specific identification of both mineralogy and the form of the structure.

2.2.2. Vermiculite

Vermiculite is the mineralogical name given to hydrated laminar
magnesium-aluminume-ironsilicate, which resembles mica in appearance [see Figure 2-7; (Mg,
Fe,A)3(Al,Si),010(OH), #4H,0] (AGI, 2005). Vermiculite is in the clay mineral group of the
phyllosilicates, which also includes kaolinite and montmorillonite. Mica, talc, and serpentine

(e.g., chrysotile asbestos) minerals are other well-known sheet silicates. These sheet-like
structures are produced by rings of tetrahedrons that are linked to other rings by shared oxygen
ions in a two-dimensional plane (see Figure 2-4d). The silicate sheet can extend broadly, and the
layered appearance of the mineral reflects this sheet-like structure. The symmetry of these
minerals is controlled primarily by the symmetry of the rings, which is usually altered to a lower
symmetry by other ions and other layers. Typically, crystals of this subclass are flat, platy, and
book-like, as in the mica group, and the sheets are then connected to each other by layers of
cations. These cation layers are weakly bonded and often have water molecules and other
neutral atoms or molecules trapped between the sheets. When subjected to heat, vermiculite has
the unusual property of exfoliating or expanding into “worm-like” pieces. The term vermiculite
is derived from the Latin vermiculare, which means to breed worms (The Vermiculite
Association, http://www.vermiculite.org). Vermiculite exfoliation occurs at approximately
150°C, producing a lightweight and highly absorbent material (AGI, 2005). Additional

properties of vermiculite are listed in Table 2-1. Vermiculite ore is shown in Figure 2-7.
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Table 2-1 Properties of vermiculite

Mineral class/subclass Mineral silicates/phyllosilicate
Chemical formula (Mg, Fe,A);3(Al,Si),0,0(0OH), #4H,0
Crystal habit of formation Clay, scaly, aggregate

Hardness (Mohs scale) 203

Cleavage Perfect

Specific gravity 2.4-2.7

Figure 2-7. Vermiculite ore sample. Brinton’s Quarry, near West Chester,
Chester County, Pennsylvania, USA.

Source: Micaceous vermiculite book (http://www.excaliburmineral.com/cdintro.htm)
©Jeff Weissman/Photographic Guide to Mineral Species.

Vermiculite is mined across the world, including the United States (Virginia, South
Carolina, and Montana); South Africa; Uganda; China; Brazil; Russia; India; and Australia

(BGS, 2011). The specific mineralogy and geologic formation habit of vermiculite deposits

vary, and although amphibole minerals are consistent with the ultramafic rock formations
(composed chiefly of ferromagnesian igneous rock) that bear vermiculite, not all vermiculite

deposits contain amphibole asbestos.
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2.2.3. The Mineralogy of Libby Amphibole Asbestos
2.2.3.1. Mineralogy
The amphibole mineral fibers within the vermiculite ore and product have historically

been reported as a sodium-rich tremolite (Amandus et al., 1987a; McDonald et al., 1986a; Leake,

1978; Boettcher, 1966; Larsen, 1942). More recently, various research groups have

characterized the more specific mineralogical composition of amphiboles from the Rainy Creek
deposit near Libby, MT (Gunter and Sanchez, 2009; Sanchez et al., 2008; Meeker et al., 2003;
Woylie and Verkouteren, 2000; Ross et al., 1993; Moatamed et al., 1986).

EPA requested that the U.S. Geological Survey (USGS) design and conduct a study to

identify the amphibole minerals in the Libby vermiculite mine. Accordingly, USGS personnel
collected samples from different areas of the mine in an attempt to identify the range of materials
present both geographically, as well as collecting material which represented different habits of

formation (Meeker et al., 2003). Figure 2-8 shows data from 30 samples across the mine. The

mineral composition of each structure determines its mineral identity (Leake et al., 1997). Here,

the U.S. Geological Survey (USGS) used two different techniques to identify the mineral
composition of each structure (energy dispersive X-ray analysis [EDS] and electron probe
microanalysis [EPMA]). Similar mineral composition was determined by the two methods (see
Figure 2-8). Most amphibole structures are classified as winchite (84%), with lesser amounts
classified as richterite (11%) and tremolite (6%) (Meeker et al., 2003), based on the current

mineralogical nomenclature by Leake (1997). There are also trace amounts of
magnesioriebeckite, edenite, and magnesio-arfvedsonite present in Libby Amphibole asbestos
(Meeker et al., 2003). All of these minerals are within the mineral solid solution series for

tremolite-richterite- magnesioriebecktite. All of the amphiboles found at the mine site, with the
possible exception of magnesioriebeckite, can occur in fibrous habit. It was observed these
amphibole materials—even when originally present as massive material—can produce abundant,

extremely fine fibers by gentle abrasion or crushing (Meeker et al., 2003).
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Figure 2-8. Mineralogy of Libby Amphibole asbestos structures from samples taken
from the Zonolite Mountain site. An evaluation of the textural characteristics shows
the material to include a complete range of morphologies from prismatic crystals to
fibers. Each data point represents the cation composition (number of occupied sites) for a
single fiber. The X-axis shows the number of sites occupied by Na, and the Y-axis shows
the number of sites occupied by Na or K. The data shown are a composite of the analysis
fibers taken from 30 different field samples from various locations within the mine.

Notes: EDS is energy dispersive X-ray analysis; EPMA is electron probe microanalysis.
Source: Meeker et al. (2003).

Figure 2-9 shows the compositional variations between the predominate minerals found
in the Libby Amphibole asbestos (winchite, richterite, and tremolite). Although each structure
has as discrete mineral composition, when viewed as a population, fall within solid solution
series shown in Figure 2-8. For example, tremolite is one end-member of the solid solution
series. As calcium decreases and sodium increases, the fibers transition to richterite. Similarly,
as fibers have decreased magnesium and calcium with respect to tremolite, they are defined as
winchite. The sodium content that distinguishes these amphiboles has been redefined over time
in the International Mineralogical Association’s mineral classification system, most recently in

1997 (Leake et al., 1997; Leake, 1978). As a result, some amphibole fibers previously defined as

tremolite prior to the new classification system are currently considered winchite based on

chemical composition (Leake et al., 1997).
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Figure 2-9. Solution series linking tremolite, winchite, and richterite
amphibole fibers.

Source: Meeker et al. (2003).

The mineral composition of the fibers present is not classifiable to one distinct named
mineral category, but, rather, the composition spans several solid-solution series. However,
there seems to be a consistency in the range of elemental composition found within this material.
Libby Amphibole asbestos is not only made up of the end-members of these solid solution series,
but the spectrum of minerals along the solid solution series shown. Although the majority of
structures analyzed fell within these solid solution series, traces of other minerals were
identified. The term “Libby Amphibole” is used in this document to identify the mixture of
amphibole minerals, of varying elemental compositions (e.g., winchite, richterite, and tremolite),
which have been identified in the rocks and ore of the vermiculite mine near Libby, MT, and are
characteristic of the elongated structures commingled with the vermiculite mined at this location

(Meeker et al., 2003) (i.e., present in the ore vermiculite concentrate and processed materials).

Libby Amphibole Asbestos refers to those elongated structures of the Libby Amphibole mineral
mixture, which have been identified as amphibole fibers or structures, and have been associated
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with health effects consistent with asbestos exposure (i.e., asbestosis, pleural abnormalities, lung
cancer and mesothelioma) (ATSDR, 2008b).

2.2.3.2. Morphology of the Libby Amphibole Asbestos
Mineral samples taken from the mine include veins of asbestiform amphibole and various

fiber morphologies in surrounding rock (Meeker et al., 2003). A sample viewed by scanning

electron microscope from the Zonolite Mountain mine illustrates the broad range of size and
morphologies for the mineral structures (see Figure 2-10). The USGS has described fibers
(including asbestiform), acicular and prismatic structures, and curved fibers all within the

minerals from the mine (Meeker et al., 2003). As individual fibrils and fiber bundles are viewed

under greater magnification under a transmission electron microscope, the range of fiber

morphologies can be more clearly seen (see Figure 2-11).

Figure 2-10. Scanning electron microscope image of amphibole mineral
structures from the Libby, MT mine. An evaluation of the textural
characteristics shows the material to include a range of morphologies from
prismatic crystals to fibers. Acicular and prismatic crystals, fibers bundles and
curved fibers are all present.

Source: Meeker et al. (2003).
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Figure 2-11. Fiber morphology of amphibole asbestos from the Libby, MT
mine viewed under a transmission electron microscope.

Source: Meeker et al. (2003).

2.2.3.3. Dimensional Characteristics of Libby Amphibole Asbestos

Cumulative particle-size-distribution frequencies (CDF) were developed for Libby ore
Grade 3, and Libby ore Grade 3 expanded by EPA Region 8 using the procedure described in
detail in Appendix C. As shown in Figure 2-12, the particle-size-distribution frequency for the
Libby Grade 3 ore, and the Libby Grade 3 ore expanded were similar to the
particle-size-distribution frequency in the ambient air monitoring samples in Libby, MT. Data

from ambient air monitoring in Libby are presented in Appendix B. The data to construct the
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Figure 2-12. Particle size (length, width, aspect ratio) of fibers in Libby ore
and Libby air.

CDF = cumulative distribution frequency; LA = Libby Amphibole.
Source: U.S. EPA (2010b) (Provided as Appendix B.)
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plot in Figure 2-11 are described in Appendices B and C. There are slight shifts towards longer
and thicker fibers in the ore samples compared to the air samples, with the aspect ratios being
almost identical in the ore and air samples. However, all of these differences are minor, and the
majority of these fibers are respirable.

Mineralogical characterization of the fibers from the Libby ore Grade 3 and the expanded
product using energy dispersive X-ray analysis (EDS) and selected area electron diffraction
(SAED) provided further confirmation of the similarity between the fibers from the Libby
Grade 3 ore and Libby Amphibole asbestos (methodology described in Section 2.3; see also
Appendix B). EDS spectra yielded an elemental fingerprint with sodium and potassium peaks
that were highly consistent with values reported for the winchite-richerite solution series
described for the Libby, MT ores (Meeker et al., 2003).

Based on these data, it is reasonable to conclude that the fibers from the Libby Grade 3

ore and expanded ore are similar in physical and mineralogical characteristics to the Libby
Amphibole asbestos fibers found in air samples from Libby, MT. The O.M. Scott facility in
Marysville, OH used Libby Grade 3 ore from about 1959 to 1980 (Moatamed et al., 1986;
Lockey et al., 1984). Therefore, the exposure and health effects information from the

Marysville, OH facility may be used to derive an RfC that can be applied to the Libby
community and other sites that received vermiculite ore from Libby, MT.

The Marysville, OH facility also used vermiculate ore from Virginia, South Africa, and
South Carolina. The Virginia and South African ores were tested for the presence of fibers as
described in Appendix C.> As described in Appendix E, the Virginia and South African ores
released only a small quantity of amphibole fibers. EPA was unable to obtain an ore sample
from South Carolina. However, vermiculite ore from the Enoree mine in South Carolina is
known to contain amphibole fibers (see Appendix C) (U.S. EPA, 2000b; McDonald et al., 1988).

2.3. EXPOSURE POTENTIAL
Although the occurrence of Libby Amphibole asbestos is limited to a relatively small
geographic area, the potential for exposure to it has been greatly enhanced by the historical

mining, milling, and distribution of vermiculite operations in Libby, MT. Additionally, material

® Dr. Lockey, University of Cincinnati, obtained samples of the Virginia and South Africa ores from the Marysville,
OH facility in 1980 and supplied these ores to the EPA for analysis.
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was sent to processing plants across the nation where plant workers and community contacts may
have been exposed. Lastly, consumer products containing vermiculite mined near Libby contain
Libby Amphibole asbestos, and consumers may be exposed to Libby Amphibole asbestos while
using the products. For example, asbestos—contaminated vermiculite attic insulation from Libby
remains in homes today across North America, where there is the potential for residential
exposures. This section summarizes the potential for current exposures to the Libby Amphibole
asbestos in vermiculite in the Libby community, other communities potentially impacted by
processing plants, and from in-place Libby vermiculite attic insulation. Historical exposures for
the workers in Libby, MT, and other facilities are discussed in Section 4.1, where data are
available.

There are also lifestyle, activity, and lifestage factors, which may influence one’s
exposure potential to asbestos. For example, children may spend more hours outside and engage
in activities that impact exposure level compared to adults (U.S. EPA, 2006b; NRC, 1993). In

general, children inhale more air per unit body weight (U.S. EPA, 2006b) and spend more time
outdoors than adults (Bateson and Schwartz, 2008; NRC, 1993), which could have resulted in

increased inhalation exposure to Libby Amphibole asbestos in children compared with adults. In
contrast, some adult activity patterns, such as gardening and home repair, may also result in
increased exposures where Libby Amphibole asbestos may be present. Thus for the various
environments where people may be exposed to Libby Amphibole asbestos, the potential
activities and pathways of exposure are discussed below, and where available, exposure

measurements are given for various exposure environments and activities.

2.3.1. Libby Community

The Libby community (the towns of Libby, Troy, and surrounding residences) defines the
area that may have been directly and indirectly impacted by mining/milling-activities. Many
individuals who worked in the mine lived in the surrounding areas. Facilities in the community
may have residual contamination from past milling and transport activities. Additionally,
expanded vermiculite, waste stoner rock (the waste material from exfoliation), and other
materials all potentially containing Libby Amphibole asbestos may have been transported off site
to residences and recreational areas. Taken together, there are numerous potential exposure

pathways for community residents, both historical and current.
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During plant operations, individuals may have been exposed to materials inadvertently
transported from the workplace to vehicles, homes, and other establishments, typically on the
clothing, shoes, and hair of workers. This transport of material may result in “take-home
exposure” for the workers, their families, and other coresidents. The magnitude of these
exposures was not measured, so the levels to which individuals in the home might have been
exposed are not known. Based on studies of other industrial take-home exposures, individuals
doing laundry and cleaning house (often women) can be exposed to materials on workers’
clothing. Also, children who play on the floor might be more exposed than adults to dust from

take-home exposures (Kelly et al., 2006). The community health screening studies from Libby

showed that men were more likely to have both occupational and nonoccupational exposures,
while women were more likely to have household contact with exposed workers (Peipins et al.,
2003; ATSDR, 2001b). There could also be gender differences in types of activities (e.g.,

household chores such as laundry and cleaning) or in intensity or duration of occupational and

recreational activities (Peipins et al., 2003).

Expanded vermiculite, as a finished product, was used as a soil amender and for attic
insulation. Community members may have been exposed and are possibly still exposed to these
consumer products. In a survey of Libby residents conducted by ATSDR in 2000-2001, almost
52% reported using vermiculite for gardening, 8.8% used vermiculite around the home, and

51% reported handling vermiculite attic insulation (Peipins et al., 2003). As vermiculite ore,

waste stoner rock, and product were present in the community; numerous activities may have
resulted in exposure. Individuals also reported exposures from the following activities:
participating in recreational activities along Rainy Creek Road, the road leading to the mine
(67%); playing at the ball field near the expansion plant (66%); playing in the vermiculite piles
(34%); heating the vermiculite to make it expand/pop (38%); or other activities in which there

was contact with vermiculite (31%) (Peipins et al., 2003). Memoranda from Christopher Weis

(Weis, 2001a) state that asbestos mineral fibers were detected in outdoor sources (yard soil,

garden soil, driveway material, and assorted mine-waste materials) and indoor sources (dust and

vermiculite insulation) in Libby (Weis, 2001a, b).

EPA has conducted more recent exposure sampling in the Libby community. Air
samples were taken in the community during activities considered appropriate for various

potential exposure scenarios. Personal air monitors were placed on the investigator conducting
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the activity, and a second air sample was taken from a fixed location (area sample). Asbestos
fibers were collected on filters and counted by two different laboratory methods: (1) PCM and
(2) TEM. Although TEM analysis can count smaller fibers, results are shown here for PCM size
fibers used to estimate risk, called PCM equivalent fibers (PCMe).°

EPA continues to conduct air monitoring in the Libby community to support clean-up
and risk assessment activities. Ambient air monitoring conducted in 2006/2007 at 18 locations
across the area indicated that low levels of asbestos fibers are occasionally detected in the air,
even with no localized disturbance of asbestos-contaminated material (U.S. EPA, 2009b). Fibers

were counted by TEM, and structures’ >0.5 um in length and with an aspect ratio >3 were
included (measured in structures per cc of air, s/cc). Average ambient air levels for the various
sampling locations ranged from 8 x 107° s/cc to 1.9 x 10 s/cc (U.S. EPA, 2009b). Both
ambient and activity-based air monitoring have been completed in five community schools (U.S.

EPA, 2010c). Outdoor activities conducted that were considered relevant to children’s exposures

at the schools included playing sports, using playground equipment, and running/walking in
outdoor areas. Outdoor activities to assess exposure of the school maintenance workers included
digging/raking, power sweeping parking lots, and mowing and edging school lawns.
Additionally, ambient air samples were taken in each school (i.e., classrooms, cafeteria,
gymnasium, and hallways). Asbestos PCMe fibers were detected by TEM analysis in 5 of

63 outdoor activity-based samples, ranging from 0.0022 to 0.039 s/cc. No PCMe fibers were
detected in indoor air samples. However, 2 of 50 indoor area samples detected TEM asbestos
structures not considered to be PCMe fibers (5.1 x 10 s/cc and 5.9 x 10 * s/cc), which are

within the range of analytical sensitivity for the indoor air samples (U.S. EPA, 2010c). It should

be noted that indoor air sampling did not include any activity-based sampling to assess student or

employee exposures.

® These PCM equivalent fibers (PCMe fibers) are defined as those fibers viewed on TEM that meet the PCM
analytical requirements: >5 um in length and an aspect ratio of at least 3:1. Although the PCM methodology does
not specify a minimum fiber width, current PCM analytical methods reliably detect fibers of 0.25 pm in width
(IPCS, 1986), which EPA employs to define PCMe fibers (U.S. EPA, 2008).
" A single fiber, fiber bundle, cluster, or matrix as defined in the TEM analytical method 1SO 10312.

This document is a draft for review purposes only and does not constitute Agency policy.

2-23 DRAFT—DO NOT CITE OR QUOTE



http://hero.epa.gov/index.cfm?action=search.view&reference_id=783902
http://hero.epa.gov/index.cfm?action=search.view&reference_id=783902
http://hero.epa.gov/index.cfm?action=search.view&reference_id=783894
http://hero.epa.gov/index.cfm?action=search.view&reference_id=783894
http://hero.epa.gov/index.cfm?action=search.view&reference_id=783894
http://hero.epa.gov/index.cfm?action=search.view&reference_id=81716
http://hero.epa.gov/index.cfm?action=search.view&reference_id=783705

10
11
12
13
14
15
16
17
18
19
20

21
22

23
24
25
26
27
28
29
30
31

2.3.2. Communities near Vermiculite Expansion and Processing Plants

Vermiculite from the Libby, MT mine was used commercially from the 1920s to 1990,
and a review of company records available from (1964-1990) indicates approximately
6,109,000 tons of vermiculite concentrate was shipped to over 200 facilities (ATSDR, 2008b).
The 2008 ATSDR (2008b) Summary Report on the 28 Libby vermiculite expansion and
processing facilities stated that household residents were exposed by contact with vermiculite

from the workers’ clothes, shoes, and hair. Workers’ personal vehicles likely contained
vermiculite dust from the facility emissions and from vermiculite that fell from their clothing and
hair on the drive home after work. The O.M. Scott Company (Marysville, OH) reported that
company policy was to launder work clothes for their employees and to make showers available
for use after work. These procedures, when implemented, should greatly reduce exposure

potential via household contact (ATSDR, 2005b). Whether other facilities made these services

available or how frequently they might have been used is unknown.

Communities near the expansion plants were subjected to some of the same exposure
pathways as for the Libby community. The 2008 ATSDR Summary Report observed that
individuals in the community could have been exposed through multiple avenues, such as living
near the plant and breathing emissions from the facility, disturbing waste-rock piles, having
direct contact with waste rock brought home, and living with indoor dust containing asbestos
brought in from outdoor sources (ATSDR, 2008b).

2.3.3. Exposures from Zonolite and Vermiculite for Homeowners, Contractors, and Other
Populations

Vermiculite was most notably used as attic insulation, as a soil amender for gardening,
and in the manufacturing of gypsum wallboard. EPA conducted a study to estimate the potential
for exposure to asbestos in homes containing VAI. Air samples were taken to define exposure
levels in the homes under various conditions: no activity (e.g., ambient air), as well as during

simulated remodeling activities and removal of the VAI (Versar, 2003). Samples were taken in

the living space of the homes as well as the attic space.
Air samples were collected in five occupied homes where Zonolite VAI was in place
(asbestos detected from trace levels to 1.54% by bulk analysis); no fibers were detected in the air

samples above 0.0016 PCMe fibers/cc in these homes. However, the air samples were taken
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when the homes were empty, and there was no disturbance of the VAI or entry/exit into the attic
space. Therefore, EPA conducted a number of simulations under controlled conditions to
estimate exposures when VAl is disturbed during normal activities (e.g., moving boxes in an
attic), remodeling, and removal of the VAI. Structures were built within safe containment to
simulate attic space above living space, and VAI was installed in the simulated attics.
Remodeling activities resulted in personal exposures ranging from 0.50 to 1.841 fibers/cc PCMe.
Stationary samples of the attic air ranged from 0.008 to 0.203 fibers/cc PCMe. For those
simulations that included sampling in the ‘living space’ below the attic, asbestos fibers ranged
from 0.001 to 0.25 fibers/cc PCMe during renovations and from 0.001 to 0.035 fibers/cc PCMe

in the living space after renovations were complete (Versar, 2003). These data indicate that

exposures to ashestos fibers may occur when disturbing Libby Amphibole ashestos-containing
VAI in homes.

A second study on potential exposures to Zonolite VAI was conducted by an
environmental firm hired by attorneys representing individuals with VAl in their homes (Ewing

et al., 2010). This study was conducted in three homes containing Zonolite VAI, and air samples

were taken, representing ambient conditions (no disturbance of VAI), remodeling, activity in the
attic, and removal of the VAI by various methods (see Table 2-2). Disturbance of the
asbestos-containing VAI resulted in airborne asbestos levels, both in the personal air monitors

and area samples (Ewing et al., 2010).
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Table 2-2. Air sampling results for asbestos from Zonolite VAI in
three homes

Personal samples Area samples
PCM? TEM® TEM

Activity (fibers/cc) (PCMe, s/cc) (PCMie, s/cc)
No activity NS* NS <0.003
Cleaning items in the 1.54 <0.42 0.07
attic
Cleaning storage area in 2.87 2.58 0.47
the attic
Cutting a hole in the 5.80 1.32 0.52
ceiling below the VAI
VAI removal (various 2.9-12.5° 0.98-10.3 0.53-1.47
methods)

POO OO ~NO O

e

®Air sampling results reported as fibers analyzed by phased contrast microscopy (PCM).

®Air sampling results reported as structures, PCMe as analyzed by transmission electron microscope (TEM).

“NS—not sampled, personal samples were not taken for background levels.

Range of results for three different removal methods (shop vacuum, homeowner method, and
manufacturer-recommended method).

Source: Ewing et al. (2010).
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3. FIBER TOXICOKINETICS

There are no published data on the toxicokinetics of Libby Amphibole asbestos.®
However, to help inform the reader as to the expected toxicokinetics of Libby Amphibole
asbestos, this section contains a general summary description of toxicokinetics of fibers. A more
detailed discussion of fiber toxicokinetics is beyond the scope of this document and is reviewed
elsewhere (NIOSH, 2011; ICRP, 1994).

The principal components of fiber toxicokinetics in mammalian systems are

(1) deposition at the lung epithelial surface, and (2) clearance from the lung due to physical and
biological mechanisms (including both translocation from the lung to other tissues [including the
pleura]), and elimination from the body (see Figure 3-1).

Libby Amphibole asbestos includes fibers with a range of mineral compositions
including amphibole fibers primarily identified as richterite, winchite, and tremolite (see
Section 2.2). Although the fiber size varies somewhat from sample to sample, a large percentage

(~45%) is less than 5 um long in bulk samples examined from the Libby mine site (Meeker et al.

2003). Limited data from air samples taken in the workplace also document a large percentage
of fibers (including both respirable® fibers as well as fibers <5 um-long) (see Section 4.1.1.2 and
Table 4-3). The importance of the size of fibers and how they deposit following inhalation is
described below. Due to a lack of data specific to Libby Amphibole asbestos, these deposition
steps are discussed for general forms of asbestos. The main route of human exposure to mineral
fibers is through inhalation, although other routes of exposure play a role. Exposure of
pulmonary tissue to fibers via the inhalation route depends on the fiber concentration in the
breathing zone, the physical (aerodynamic) characteristics of the fibers, and the anatomy and
physiology of the respiratory tract. Ingestion is another pathway of human exposure and occurs
mainly through the swallowing of material removed from the lungs via mucociliary clearance or
drinking water contaminated with asbestos, or eating, drinking, or smoking in

asbestos-contaminated work environments (Condie, 1983). Handling asbestos can result in

®The term “Libby Amphibole asbestos” is used in this document to identify the mixture of amphibole mineral fibers
of varying elemental composition (e.g., winchite, richterite, tremolite, etc.) that have been identified in the Rainy
Creek complex near Libby, MT. It is further described in Section 2.2.
° Respirable fibers are those that can be inhaled into the lower lung where gas exchange occurs and are defined by
their aerodynamic diameter (d, <3 um; NIOSH) (2011).
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Figure 3-1. General scheme for fiber deposition, clearance, and translocation
of fibers from the lung and GI tract. General scheme for fiber deposition
(heavy arrows), clearance (light dotted arrows), and translocation (light arrows).
Diagram of Bignon et al. (1978) derived from International Commission on
Radiological Protection (ICRP) lung model by the Task Group on Lung
Dynamics (1966), as cited in ICRP (1994).

Source: ICRP (1994).

heavy dermal contact and exposure. Asbestos fibers could become lodged in the skin, producing

a callus or corn—but generally with no serious health effects (Lockey et al., 1984). Because few

studies have examined the deposition and clearance of fibers following ingestion of or dermal
exposure to fibers, the focus of this section is on the main route of exposure: inhalation.

Studies useful for assessing the relationship between airborne fiber concentrations and
respiratory disease must involve meaningful measurements of environmental exposure and an
understanding of how to apply these measurements to the target tissue dose. Tissue dose is a
more specific measure than external dose, and it is determined both by fiber characteristics of the
exposure environment and the exposed population. Dose to the lung is a function of airway
anatomy, lung volume, ventilation rate, and clearance from the lung, as well as the fiber’s
physical and chemical characteristics (U.S. EPA, 2004; Oberdorster, 1991). Many studies have
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examined the role of these physical and chemical characteristics in asbestos-induced disease in
the lung and are reviewed in more depth elsewhere (NIOSH, 2011; ATSDR, 2001a; Myojo and
Takaya, 2001; Witschi and Last, 1996; Lippmann, 1990; Merchant, 1990; Yu et al., 1986; Griffis
et al., 1983; Harris and Fraser, 1976; Harris and Timbrell, 1975). Factors influencing dose to

other tissues in the body (e.g., pleura, peritoneum, stomach, and ovaries) are not as well known,

but they are discussed below where data are available.

3.1. DEPOSITION OF FIBERS IN THE RESPIRATORY TRACT

The deposition of fibers in the respiratory tract is dependent on the aerodynamic
properties of the fiber (length, width, and density) and the anatomy and physiology of the
respiratory tract (NIOSH, 2011; ATSDR, 2004, 2001a; Myojo and Takaya, 2001; Witschi and
Last, 1996; Yu et al., 1986; Griffis et al., 1983; Harris and Fraser, 1976; Harris and Timbrell,

1975). The aerodynamic diameter of fibers is mostly determined by the geometric diameter and

density. In general, thicker fibers are deposited in the upper airways; thinner fibers are carried
deeper into the airways and alveolar regions. Fibers with aerodynamic diameters less than
approximately 3 um meet the physical criteria necessary for deposition in the terminal
bronchioles and beyond to the alveoli. The site of fiber deposition within the respiratory tract
has implications related to lung retention and surface dose of fibers.

The respiratory tract encompasses the extrathoracic region (nasal passages, pharynx, and
larynx), thoracic region (the conducting airways [trachea bronchi, bronchioles]), and the
gas-exchange region of the lung (respiratory bronchioles, alveolar ducts, and alveoli). A full
review of the anatomy and architecture of the respiratory tract is beyond the scope of this
document but has been reviewed by ICRP (ICRP, 1994).

Fiber deposition occurs by five mechanisms: impaction, interception, sedimentation,

diffusion, and electrostatic precipitation (see Table 3-1):

1. Impaction: The momentum of the fiber causes it to directly impact the airway
surface as the airflow changes direction. This is the predominant method of
deposition in the nasopharyngeal region where airflow is swift and larger
fibers/particles are present.
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Table 3-1. Factors influencing fiber deposition and clearance in the respiratory system

Area of
Size of fiber |  deposition in Predominant | Mechanisms
(aerodynami respiratory method of for fiber Physical Target tissue for
¢ diameter) system deposition retention clearance Dissolution translocation
5-30 um Extrathoracic Impaction Epithelial cell | Mucous flow Not measured, Gastrointestinal
Region uptake (mucociliary although tract
(nasopharyngeal apparatus into dissolution can .
region nasal gastrointestinal | occur, removal Nasal-associated
passages, pharynx, tract) from mucous flow |lymphoid tissue,
larynx) is fairly quick and |lYmph system
Macrophage: likely predominant
phagocytosis and
transport
1-5 um Thoracic Region |Sedimentation | Epithelial cell | Mucociliary Mucous Gastrointestinal
(trachea, bronchial |, impaction, |uptake apparatus tract
and bronchiolar  |interception Macrophage _
region) Macrophagg: Mucosa_-as§00|ated
phagocytosis and lymphoid tissue,
transport lymph system
Pleura
2 umor less |Gas-Exchange Diffusion Epithelial cell | Macrophage: Lung surfactant Gastrointestinal
Region uptake phagocytosis and tract
(respiratory _ transport Macrophage _
bronchioles, Translocation to Ash bodi Mucosa-associated
alveolar ducts, other target sbestos bodies | jymphoid tissue,
alveoli) tissues lymph system

Pleura

Source: Adapted from Witschi and Last (2001) in Casarett and Doull’s Toxicology: The Basic Science of Poisons, 6th edition, p. 515.
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Interception: A special case of impaction where the edge of the fiber touches the
airway surface and is prevented from continuing along the airway. This
mechanism is important in the conducting airways (trachea and bronchi), where
the airflow is slower and laminar flow along the airway surface is conducive to
interception.

3. Sedimentation: Gravitational forces and air resistance cause fibers/particles to
settle out of the air column onto the airway surface. For sedimentation to occur,
air flow velocities must be low to allow the particle/fiber to settle, and this is a
predominant mechanism to the smaller conducting airways.

4. Diffusion: This method of deposition is predominant in the alveolar region where
air movement is negligible. Diffusion occurs from interactions of the fibers with
the movement of air molecules; this Brownian motion increases with decreasing
fiber size (<0.5-um diameter).

5. Electrostatic Precipitation: A special case of diffusion in which fiber motion
towards the airway surface is a function of static charge between the fiber and
airway surface. As with classic diffusion, this primarily occurs in the
gas-exchange region where airflow is negligible and electrostatic forces can
predominate.

Aerodynamic diameter (also called aerodynamic equivalent diameter) of fibers accounts
for the dimensional properties that influence the movement of the fiber’s center of gravity
through the airways, so aerodynamic diameter is important in all depositional mechanisms. The
aerodynamic diameter is the diameter of a unit density (1 g/cm®) sphere that has the same
gravitational settling velocity as the particle of interest. Since the aerodynamic diameter informs
the deposition patterns of fibers, it is used in dosimetric modeling to determine the expected fiber
deposition in the respiratory tract. Impaction and interception, however, are also heavily
influenced by fiber length. Where the physical length of the fiber greatly exceeds the
aerodynamic diameter, impaction and interception can be underpredicted by modeling the center
of gravity of the fiber. Sedimentation is related to the mass of the fiber, as well as the
aerodynamic diameter, but generally occurs at lower velocities in smaller airways. Diffusion
occurs from interactions of the fibers with the movement of air molecules; this Brownian motion
increases with decreasing fiber size (<0.5-pum diameter). Electrostatic precipitation occurs when
fiber charges induce opposite charges on the airway surfaces and the fiber is drawn to the airway

walls (Lippmann, 1990).
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For high aspect ratio fibers, like asbestos, the shape factor often approaches one and the
equation reduces to the aerodynamic diameter that is approximately equal to the nominal fiber
diameter.”® Therefore, in employing the information from Table 3-1 to high aspect ratio fibers,
one may get an idea of the depositional characteristic of fibers from the nominal diameter. By
definition, fibers have a greater aspect ratio than particles and as discussed, high aspect ratio
fibers may act significantly different than other particles with respect to some mechanisms of
deposition (e.g., impaction, interception, and electrostatic precipitation). Therefore, the
depositional characteristics of fibers are not characterized completely by aerodynamic diameter.
No equivalent depositional model, however, is yet available for fibers in the dimensional range
of asbestos that takes into consideration the increased sedimentation and impaction for high
aspect ratio particles.

Fibers enter the respiratory tract along with airflow through the nasal and oral passages.
The nasal passage, from the nostril to the pharynx, serves as a filter for some fibers with
diameters 5-30 um. Clumps of fibers also could deposit in these regions. Many animal species,
including rats and mice, are obligate nose breathers, meaning that fibers pass only through the
nasal passages, and, therefore, are always subject to nasopharyngeal filtering. Humans,
monkeys, and dogs, among other species, breathe both orally and nasally (oronasal). Therefore,
larger fibers and clumps of fibers can bypass the upper respiratory tract filtering and be inhaled
directly into the larynx/trachea, especially during exertion (e.g., exercise or work), which may
further alter deposition by increased turbulence in the airways. This distinction is important
when comparing results of inhalation studies conducted in different species.

The conducting airways beyond the nasopharyngeal region include the trachea and
bronchi, which serially bifurcate into airways of decreasing internal diameters. The aerodynamic
diameter of fibers that can deposit in the tracheobronchial region is in the range of 1-5 pum.
Fibers with aerodynamic diameter <1 um can deposit in the bronchioles and the alveoli (ICRP,
1994).

Generally, fibers with aerodynamic characteristics conducive to deposition in the
bronchioles and alveoli can cause pulmonary fibrosis and associated disease by either retention

in the alveoli or penetration into the peribronchiolar space. All fibers having an aerodynamic

The physical properties of a fiber that determine its aerodynamic transport are combined and defined as the
aerodynamic diameter; one such property is the shape factor (ICRP, 1994).
This document is a draft for review purposes only and does not constitute Agency policy.
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diameter that is less than approximately 2 um, which includes Libby Amphibole asbestos, meet
the physical criteria necessary for deposition in the deeper regions of the respiratory tract at the
level of the terminal bronchioles or alveoli.

Deposition of fibers in the alveolar region of the lung is consistent with radiological
findings in humans of fibrosis in the lower lung fields at early stages of disease. Deposition of
fibers in the alveoli can become limited when fiber length approaches 40 um (Morgan et al.,
1978). Alveolar deposition of fibers with high aspect ratios and length ranging from less than
1 pum to greater than 200 um long, however, has been recorded (Morgan et al., 1978). Inall

documented observations of fibers collected from either healthy or diseased individuals, short
fibers (<5 pum) were present in substantially greater numbers in lung tissue than were long fibers
(>5 um) (Churg, 1982). Although information is limited on how fibers get to the pleura, fibers
observed in pleural tissue from mesothelioma cases are more likely to be short (<5 pm) (Suzuki

et al., 2005). These observations could be due in part to the increased deposition of smaller

fibers or the breakage of larger fibers over time (Bernstein et al., 1994; Davis, 1994).

The lung and nasal depositional differences are due in part to differences in airway
structure and breathing patterns across lifestages (i.e., children, adults), changing the depositional
pattern of different fiber sizes, possibly altering the site of action, and potentially resulting in
differential clearance and health effects (see Section 4.7).

Modeling of fiber deposition has been examined for various fiber types (e.g., refractory
ceramic fibers, chrysotile asbestos) (Sturm, 2009; Zhou et al., 2007; Lentz et al., 2003; Dai and
Yu, 1998; Yu et al., 1997; Coin et al., 1992), but not for Libby Amphibole asbestos. In general,

the pattern of deposition for fibers is expected to have some similarities to the well-studied

deposition pattern for essentially spherical particles (reviewed in ICRP) (1994). For example,
the multipath particle dose model (Brown et al., 2005; Jarabek et al., 2005) uses information on

the physical properties of the particles (length and width [also called bivariate distribution] and
density), the anatomy and architectural features of the airways, airflow patterns that influence the
amount and the location of the deposition of the particles, and dissolution and clearance
mechanisms that are operative to estimate the retained dose in the target tissue.
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3.2. CLEARANCE
3.2.1. Inhalation
3.2.1.1. Respiratory Tract

Once fibers deposit on the surface of the respiratory tract, they may be removed (cleared)
from the lungs in several ways—including physical clearance, dissolution, phagocytosis, or
encapsulation. Some of these mechanisms, such as dissolution of the fibers or removal via the
mucociliary apparatus, can result in the fibers being cleared from the body (see Figure 3-1).
Other clearance mechanisms may remove fibers from the surface of the respiratory tract but
result in transport of the fibers to other tissues by translocation. Translocation of fibers from the
terminal bronchioles and alveoli into the peribronchiolar space, lymph nodes, and pleura has

been implicated in disease causation (e.g., pleural plagues, mesothelioma) (Dodson et al., 2001).

In human studies, the translocation of asbestos fibers following inhalation has been observed to
varying degrees throughout the pulmonary and extrapulmonary tissues of the respiratory system
(Dodson et al., 2005; Dodson et al., 2001; Kohyama and Suzuki, 1991; Suzuki and Kohyama,

1991; Armstrong et al., 1988), as well as other organs, including the brain, kidney, liver

(Miserocchi et al., 2008), and ovaries (Langseth et al., 2007). In many cases, the type of fiber

was not defined, and the individual exposure information is not available. Fibers that are not
cleared may remain at the epithelial surface or enter the parenchymal tissue of the lung.

Berry (1999) provided a review of the animal toxicity literature specifically for fiber
clearance. There are limited data on clearance patterns based on autopsy studies in humans.
Two studies estimated clearance half-life for amphibole asbestos (~20 years) as compared with
chrysotile asbestos (~10 years) (Finkelstein and Dufresne, 1999; Churg and Vedal, 1994); in

evaluating the data on lung fiber burden, Berry et al. (2009) estimated the range of the half-life
for crocidolite to be between 5 and 10 years. Generally, studies have focused on determining the
size and type of asbestos retained in specific tissues (Suzuki et al., 2005; McDonald et al., 2001;
Suzuki and Yuen, 2001; Dumortier et al., 1998; Gibbs et al., 1991; Dodson et al., 1990) and did

not discuss changes in fiber content since exposure. Sebastien et al. (1980) concluded that lung

fiber burden could not be used as an accurate reflection of pleural fiber burden.
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3.2.1.1.1. Physical clearance of fibers

Fibers deposited in the nasal passages can be removed by physical clearance. When
breathing occurs through the nose, many fibers are filtered by the turbulent airflow in the nasal
passages, impacting against the hairs and nasal turbinates, as well as becoming entrained in
mucus in the upper respiratory tract where they can be subsequently removed by mucociliary
action or reflexive actions such as coughing or sneezing. The mucociliary escalator removes

fibers through ciliary movement of the sticky mucus lining (Wanner et al., 1996; Churg et al.,

1989). Fibers removed from the conducting airways through this mechanism are coughed out or
swallowed and enter the digestive tract where they may adversely affect the gastrointestinal
tissue, enter the blood stream, or be excreted. Clearance of fibers via mucociliary action is rapid
and is usually complete within minutes or hours. However, the mucociliary escalator extends
only down to the level of the terminal bronchioles and not to the alveoli. Therefore, particles
that reach the alveolar region of the lung cannot be cleared through this process. Fibers can also

translocate due to physical forces associated with respiration (Davis, 1989).

Some fibers are not cleared from the lung, leading to an accumulation with time (Case et
al., 2000; Finkelstein and Dufresne, 1999; Jones et al., 1988). The fibers that remain in the lung

may undergo a number of processes including translocation, dissolution, fragmentation, splitting
along the longitudinal axis, or encapsulation with protein and iron. Available data indicate

prolonged clearance from the lung of long (>5 pm) or short amphibole fibers (Coin et al., 1994;

Tossavainen et al., 1994). The prolonged clearance times for long amphibole fibers have led

some investigators to conclude that long versus short amphibole fibers are predominant in the
cause of disease despite the relatively small numbers of these longer fibers in comparison to
short fibers (Mossman et al., 2011; ATSDR, 2003b). However, others argue that fibers of all

lengths induce pathological responses and urge caution in excluding, based on their length, any
population of fibers from consideration as possibly contributing to the disease process (Aust et

al., 2011; Dodson et al., 2003). Respirable-sized fibers of Libby Amphibole asbestos have been

identified in air samples from activity-based sampling from Libby, MT, and in airborne fibers
suspended from both Libby vermiculite concentrate and in the exfoliated product from that
concentrate. Based on fibers counted by the TEM analytical method (1ISO 10312), the majority

of counted fibers are respirable (see Figure 2-12).
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3.2.1.1.2. Dissolution of fibers

Dissolution, or the chemical breakdown of fibers, is another method of removal of fibers
from the lung. This process varies, depending on the chemical composition of the fibers, as well
as the physiological environment. Dissolution can occur in the lung’s extracellular fluids or in
the macrophage phagolysosome. Studies performed in vitro to determine dissolution rate of
fibers attempt to mimic the extracellular lung fluids and macrophage-phagolysosome system to
understand the length of time that fibers remain in the system (Rendall and Du Toit, 1994).

Studies have shown that dissolution occurs more rapidly for chrysotile fibers than for amphiboles

(Coffin et al., 1983). Fibers can also be physically diminished through splitting or breakage.

These smaller fragments are then more easily removed by phagocytosis or translocation.

3.2.1.1.3. Removal of fibers through phagocytosis

The principal clearance pathway for insoluble fibers deposited in the alveoli is through
phagocytosis by macrophages. Alveolar macrophages that have phagocytized insoluble fibers
migrate to the bronchoalveolar junctions where they enter onto the mucociliary escalator for

removal (Green, 1973). Alternatively, alveolar macrophages that have phagocytized insoluble

fibers can also migrate through the epithelial wall into the interstitial space and enter the
lymphatics (Green, 1973).

Alveolar macrophage cells engulf and transport deposited particles to the mucociliary
escalator or through the alveolar epithelium to the interstitial tissues, where they are removed or
translocated by the blood or lymphatics. Durable fiber impaction in these deeper regions also
stimulates activation of alveolar macrophage cells. In vitro and in vivo studies clearly indicate
that macrophage cells play a role in the translocation of fibers (Dodson et al., 2000a; Castranova
etal., 1996; Brody et al., 1981; Bignon et al., 1979). These studies have demonstrated the

presence of asbestos fibers in cell cytoplasm where they can be transported in association with
cytoskeletal elements to the proximity of the cell nucleus. Small chrysotile fibers can also

penetrate the nuclear membrane (Malorni et al., 1990).

A number of processes can disrupt the normal phagocytic function of the alveolar
macrophages. These processes include death or dysfunction of macrophages due to phagocytosis
of an excessive number of particles (often termed “overload”) or highly reactive particles or an

attempted phagocytosis of fibers of lengths that exceed the dimensional capacity of the
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macrophage (often termed “frustrated phagocytosis”) (NIOSH, 2011). All of these processes can

induce inflammatory and fibrogenic responses. Limited inhalation laboratory animal studies
exist at nonoverloading concentrations of fibers or particles; therefore, there is insufficient
information to determine mechanisms at these lower doses reviewed in Mossman et al. (2011).

3.2.1.1.4. Encapsulation of fibers

Fibers that are too large to be easily engulfed by the alveolar macrophage can stimulate
the formation of “asbestos bodies.” Asbestos bodies are fibers that, during prolonged residence
in the lung, have become coated with proteins, iron and calcium oxalate. Due to their iron
content, histological stains for iron have long been used to identify them in tissue; thus, they are
sometimes called “ferruginous bodies.” The mechanisms that result in the formation of asbestos
bodies are poorly understood, although most appear to be formed around amosite fibers (Dodson

et al., 1996). The iron in the coating, however, is derived from the asbestos fiber, cells, or

medium surrounding the fiber and can remain highly reactive (Lund et al., 1994; Ghio et al.,

1992). Asbestos bodies can remain in the lung throughout the lifetime of the exposed individual.
Asbestos bodies comprise a minor portion of the overall fiber burden of the lung, and, after the
fiber is fully coated, these fibers might or might not participate directly in asbestos disease. The
presence of iron in the coating, however, could provide a source for catalysis of reactive oxygen
species similar to that observed with fibers.

3.2.1.1.5. Translocation to extrapulmonary tissues

Clearance from one tissue may involve translocation to another tissue. For example,
following fiber deposition in the respiratory tract, fibers may then clear via translocation to
extrapulmonary tissues like the pleura. The specific mechanism and translocation route depend
both on fiber characteristics and the tissue of deposition. Whether or not fibers are translocated
appears to depend on their physical-chemical characteristics, including two-dimensional size
(length and width); durability; solubility; and reactivity. This translocation is aided by high
durability and an inflammation-induced increase in permeability but is hindered by fibrosis.
Deposition occurs in the respiratory tract as described above; translocation from the respiratory

tract may, in turn, lead to fibers ‘depositing’ in extrapulmonary sites.
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Apparent translocation of fibers throughout the respiratory tract is evident from
experimental animal research done by several investigators following exposure by both
intrapleural injection and inhalation (Miserocchi et al., 2008; Holt, 1982; Smith et al., 1980;
Bignon et al., 1979; Smith et al., 1979; Smith and Hubert, 1974). The data from most studies

show that fibers can—and do—translocate among tissues and organs and move by both
physiological and physical mechanisms (Holt, 1983; Holt, 1982; Cook and Olson, 1979).

Conflicting results from another study, however, indicate no evidence of fiber translocation from
the central to peripheral compartments following inhalation exposure in rats, although this could

be due to the short duration of the study (29 days postexposure) (Coin et al., 1992).

Translocation of fibers to extrapulmonary tissues has been studied in multiple studies;
however, the mechanism is still unknown. This was more recently reviewed by Miserocchi et al.
(2008). Fibers have been measured in extrapulmonary tissues including pleural plaques and
mesothelial tissue (i.e., pleural or peritoneal) in miners, brake workers, insulation workers, and
shipyard workers (Roggli et al., 2002; Dodson et al., 2000b; Churg, 1994; Kohyama and Suzuki,
1991). These studies found fibers at all locations analyzed, with increased levels of amphibole

as compared to chrysotile in the parenchyma when subjects were exposed to a mixture of both
fiber types. Amphibole fibers, however, were less prevalent in the pleura and mesothelial tissues
(Kohyama and Suzuki, 1991; Sebastien et al., 1989; Armstrong et al., 1988; Churg, 1988;
Bignon et al., 1979). Few studies have examined the size distribution of fibers translocated to

specific tissues. For example, one early study suggested that the longer amphibole fibers

predominate in the lung while shorter chrysotile fibers are found in the pleura (Sebastien et al.,

1980); others showed that the fiber-length distribution was the same by fiber type regardless of
location (Kohyama and Suzuki, 1991; Bignon et al., 1979).

Transplacental transfer of both asbestos (chrysotile, tremolite, actinolite, and
anthophyllite) and nonasbestos fibers has been shown to occur in humans, as measured in the

placenta and in the lungs of stillborn infants (Haque et al., 1998; Haque et al., 1996; Haque et al.,

1992; Haque and Kanz, 1988). It is hypothesized that maternal health might influence the

translocation of fibers, as some of the mothers had preexisting health conditions (e.g.,

hypertension, diabetes, or asthma) (Haque et al., 1992). This group also measured transplacental

translocation in a mouse study and observed early translocation of crocidolite fibers through the

placenta in animals exposed via tail-vein injection (Haque et al., 1998). These studies did not
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evaluate the source or levels of exposure, only the presence of fibers in the body during early
lifestages in mice and humans.

Sebastien et al. (1980) found chrysotile was the predominant fiber in parietal pleura of
autopsy cases, while the amphibole fibers found in the lungs ranged from 0 to 100% (mean
56%). Bignon et al. (1979) found similar distributions but also found increased amphibole fibers
in the associated lymph nodes. In this study, chrysotile and amphibole fibers were found
together in the lung parenchyma and alveolar spaces. Other studies show fewer amphibole fibers
at the site of diseased tissue in the pleura and mesothelial tissue than chrysotile (Kohyama and
Suzuki, 1991; Churg, 1988). Sebastien et al. (1989) examined fiber types in lungs of chrysotile

textile and mining workers from South Carolina and Quebec, respectively, to better understand
the unknown reason for differences in disease risk in each cohort. Both groups were exposed to
similar material, yet the South Carolina cohort had a much greater risk of respiratory cancer.
This study examined only lungs, although some of those exposed had nonpulmonary cancers.
Overall, the number of tremolite fibers retained in the lungs was higher than that of chrysotile
fibers retained in the lungs in both cohorts. Size distribution showed that most fibers measured
were 5.8—8.0 um long, although measurements were not made for anything smaller than this.
Tremolite fibers had a greater mean diameter in both cohorts (0.35 um) as compared to
chrysotile (0.10 pm), while chrysotile had more “Stanton” fibers (25.2—31.8%) as compared to
tremolite (5.9-6.3%). Stanton fibers are defined as >8 pum long and <0.25 pm in diameter
(Stanton et al. (1981)], reviewed in Appendix D).

3.2.1.2. Pleural Cavity and Extrapulmonary Sites

Studies have demonstrated fiber clearance from the respiratory tract may lead to
translocation to the pleural cavity and extrapulmonary sites. For example, in a study comparing
fiber burden in the lung, thoracic lymph nodes, and pleural plaques, Dodson et al. (1990)
observed that the average-length fiber found in the lung (regardless of type) was longer than
those found in the lymph nodes or plaques. Most fibers at all three sites were short (<5 um). A

later study by this group (i.e., Dodson et al., 2000b) examined tissue from 20 individuals with

mesotheliomas, most with known asbestos exposures. Seventeen of the cases (85%) had
asbestos fibers in at least one other extrapulmonary site. The most prevalent type of asbestos in

the mesentery was amosite, and the second most prevalent was chrysotile. Tremolite was also
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found, to some degree, in the mesentery and omentum, and in the lung. Dodson et al. (2005)
examined parenchymal lung tissue from a cohort of 54 mesothelioma patients and determined
the presence of asbestos in all patients analyzed. However, very little information is known
about the specific mechanisms of fiber clearance and/or translocation from the pleural cavity and
extrapulmonary sites, although many studies examining these tissues have observed fibers in
multiple tissue sites [reviewed in Aust et al. (2011), Case et al. (2011)]. Following intrapleural
injection of fibers in rats, Bignon et al. (1979) used transmission electron microscopic evaluation
following serial sacrifice to monitor migration of fibers from the pleural cavity to the lung

parenchyma.

3.2.2. Ingestion

Although ingestion is a potential route of exposure, limited research has examined
clearance (e.g., translocation) of fibers following ingestion, and no clearance studies are
available specific to Libby Amphibole asbestos. An early study to examine the tissue response
to asbestos fibers is not truly representative of a natural ingestion exposure, as the researchers

directly injected a suspension of amosite fibers into the duodenal wall (Meek and Grasso, 1983).

This study, however, also examined oral ingestion of amosite in healthy animals and those with
gastrointestinal ulcers to determine if translocation of fibers occurs through ulcers. Following
injection of amosite, granulomatous lesions were observed. Ingestion of the same material
resulted in no such lesions or in any other histopathological changes in either healthy or
compromised rats. Thus, no translocation was observed from either the healthy or the
compromised rat gastrointestinal tracts in this study. A later International Agency for Research
on Cancer study (Truhaut and Chouroulinkov, 1989) examined the effects of chrysotile and

crocidolite ingestion in Wistar rats. No translocation was observed. No further studies have

been found on clearance or translocation of fibers from the gastrointestinal tract.

3.2.3. Dermal Contact
No studies of dermal clearance or translocation have been reported in the published

literature.
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3.3. SUMMARY

Although oral and dermal exposure to fibers does occur, inhalation is considered the main
route of human exposure to mineral fibers, and, therefore, it has been the focus of more fiber
toxicokinetic analyses. Exposure to Libby Amphibole asbestos is presumed to be through all
three routes of exposure; this assessment specifically focuses on the inhalation pathway of
exposure. Generally, fiber deposition in the respiratory tract is fairly well defined based on fiber
dimensions and density, although the same cannot be said for fiber translocation to
extrapulmonary sites (e.g., pleura). The deposition location within the pulmonary and
extrapulmonary tissues plays a role in the clearance of the fibers from the organism.

Fiber clearance from the respiratory tract can occur through physical and biological
mechanisms. Limited mechanistic information is available on fiber clearance mechanisms in
general, and no information specific to clearance of Libby Amphibole asbestos fibers is
available. Fibers have been observed in various pulmonary and extrapulmonary tissues
following exposure, suggesting translocation occurs to a variety of tissues. Studies have also
demonstrated fibers may be cleared through physical mechanisms (coughing, sneezing) or
through dissolution of fibers.

Multiple fiber characteristics (e.g., dimensions, density, and durability) play a role in the
toxicokinetics of fibers. For this reason, careful attention has been paid to these fiber
characteristics when analyzing research studies on Libby Amphibole asbestos and asbestiform
tremolite, an amphibole fiber that comprises part of Libby Amphibole asbestos (see
Appendix D). No toxicokinetic data are available specific to Libby Amphibole asbestos,
tremolite, richterite, or winchite. When available, this information is presented in the discussion
of each study in relation to the toxic endpoints described.
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4. HAZARD IDENTIFICATION OF LIBBY AMPHIBOLE ASBESTOS

Several human studies are available that provide evidence for the hazard identification of
Libby Amphibole asbestos.™* This discussion focuses primarily on data derived from studies of
people exposed to Libby Amphibole asbestos—either at work or in the community. The adverse
health effects in humans are supported by the available Libby Amphibole asbestos experimental
animal and laboratory studies. Libby Amphibole asbestos contains winchite (84%), with lesser
amounts of richterite (11%) and tremolite (6%) with trace amounts of magnesioriebeckite,

edenite, and magnesio-arfvedsonite (Meeker et al., 2003) (see Section 2.2.3 for a more complete

discussion). Adverse health effects from tremolite exposure have been reported in both human
communities and laboratory animals; these effects are consistent with the human health effects
reported for Libby Amphibole asbestos. Studies examining the health effects of exposure to
winchite or richterite alone were not available in the published literature. The presentation of
noncancer and cancer health effects provides a comprehensive review of adverse health effects

observed from exposures to Libby Amphibole asbestos.

4.1. STUDIES IN HUMANS—EPIDEMIOLOGY

The Libby Amphibole asbestos epidemiologic database includes studies conducted in
occupational settings examining exposures to workers and community-based studies, which can
include exposures to workers, exposures to family members of workers, and exposures from
environmental sources. Occupational epidemiology studies exist for two worksites where
workers were exposed to Libby Amphibole asbestos. These worksites include the mine and mill
at the Zonolite Mountain operations near Libby, MT, and a vermiculite processing plant in
Marysville, OH. Worker cohorts from each site and the study results are described in
Section 4.1.1. Community-based studies include community health consultations for Libby, MT
conducted by the Agency for Toxic Substances and Disease Registry (ATSDR), including an
evaluation of cancer mortality data, and a health screening of current and former area
residents—including workers—that collected medical and exposure histories, chest X-rays, and
pulmonary function tests (ATSDR, 2001b, 2000) (see Section 4.1.2). ATSDR, in conjunction

! The term “Libby Amphibole asbestos” is used in this document to identify the mixture of amphibole mineral
fibers of varying elemental composition (e.g., winchite, richterite, tremolite, etc.) that have been identified in the
Rainy Creek complex near Libby, MT. It is further described in Section 2.2.
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with state health departments, also conducted health consultations for 28 other communities
around vermiculite processing plants that were potentially exposed to Libby Amphibole asbestos
(see Section 4.1.4). These health consultations consisted of analyses of cancer incidence or
mortality data; results from nine of these studies are currently available.

No occupational studies are available for exposure to tremolite, richterite, or winchite
mineral fibers individually or as a mixture exposure, other than Libby Amphibole asbestos.
Communities, however, have been exposed to tremolite and other mineral fibers from natural
soils and outcroppings. Tremolite asbestos-containing soil has been used in whitewash in
interior wall coatings in parts of Turkey and Greece. Studies in these areas published as early as
1979 reported an increased risk of pleural and peritoneal malignant mesothelioma (Sichletidis et
al., 1992; Baris et al., 1987; Langer et al., 1987; Baris et al., 1979). More recent studies of

communities exposed to tremolite and chrysotile fibers report excess lung cancer and

mesothelioma (1.3- and 6.9-fold, respectively) (Hasanoglu et al., 2006). Other studies reported

pleural anomalies in residents exposed to naturally occurring asbestos, which includes actinolite,

tremolite, and anthophyllite (Metintas et al., 2005; Zeren et al., 2000). Clinical observations

include a bilateral increase in pleural calcification accompanied by restrictive lung function as
the disease progresses, a condition known as “Metsovo lung,” named after a town in Greece

(Constantopoulos et al., 1985). In one community, the prevalence of pleural calcification was

46% (of 268 residents), increasing with age to 80% in residents over 70 (Langer et al., 1987).

Both tremolite and chrysotile were identified in bronchoalveolar lavage fluid of 65 residents

from different areas of Turkey who were environmentally exposed (Dumortier et al., 1998). The

health effects observed in communities with environmental and residential exposure to tremolite
are consistent with health effects documented for workers exposed to commercial forms of
asbestos.

4.1.1. Studies of Libby, MT Vermiculite Mining Operation Workers

Several studies of mortality from specific diseases among workers in the Libby, MT
mining operations have been conducted, beginning in the 1980s with the studies by McDonald
et al. (1986a) and Amandus and Wheeler. (1987). McDonald et al. (2004, 2002) published an
update with mortality data through 1999, and Sullivan (2007) updated the cohort originally
described by Amandus and Wheeler (1987) (referred to in this assessment as the Libby worker
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cohort) with mortality data through 2001. Additionally, Larson et al. (2010b) reconstructed a
worker cohort and analyzed mortality through 2006 in this same study population, while another
study examined changes in lung abnormalities using X-rays taken between 1955 and 2004 of 88
workers (Larson et al., 2010a).

4.1.1.1. Description of Mining and Milling Operations
The vermiculite mining and milling operations have been described in considerable detail
(ATSDR, 2000; Amandus et al., 1987a). An open-pit vermiculite mine began limited operations

in 1923, and production increased rapidly between 1940 and 1950. This mine is located on

Zonolite Mountain, several miles east of Libby (ATSDR, 2000). The Kootenai River runs

between the town and the mine. The mining and milling operations continued until 1990
(ATSDR, 2008b, 2000).

The drilling and blasting procedures used in the strip-mining operations generated

considerable dust exposures, although the mining operations had lower intensity exposures
compared to the milling operations. Amandus et al. (1987a) noted that in 1970, a new drill with
a dust-control bagging system aimed at limiting workplace exposure was introduced to the
mining operations. Another aspect of the operations was the loading of ore for railroad
shipment. From 1935-1950, railroad box cars were loaded at a station in Libby. In 1950, the
loading station was moved to a loading dock on the Kootenai River, 7 miles east of town. Tank
cars were used from 1950-1959 and then switched to enclosed hopper cars in 1960.

The milling operations used a screening or sifting procedure to separate vermiculite
flakes from other particles and increase the concentration of vermiculite from approximately
20% in the bulk ore to 80-95% in the resulting product. A dry mill began operating in 1935, and
a wet mill began operating in the 1950s in the same building as the dry mill. One of the primary
changes in the conditions in the dry mill was the installation of a ventilation fan in 1964.
Exposure to asbestos inside the mill was estimated to be 4.6 times higher preceding this
installation (McDonald et al., 1986a). This ventilation fan resulted in higher amphibole fiber

exposures in the mill yard until 1968, when the exhaust stack for the fan was moved. Other
changes to the milling operations in the 1970s included replacement of hand bagging and sewing
with an automatic bagging machine (1972), pressurization of the skipper control room used for
transferring the ore concentrate from the mill to a storage site (1972), and construction of a new
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wet mill (1974). Closing of the old dry and wet mills in 1976 had a substantial impact on
exposures at the worksite. In 1974, a new screening plant used to size-sort the ore concentrate
was constructed at the loading dock near the river. Two processing plants operated within the
town of Libby (ATSDR, 2001b). These expansion or exfoliation plants heated the ore

concentrate, resulting in additional release of the Libby Amphibole asbestos fibers in the area.

4.1.1.2. Exposure Estimation

In the early 1980s, two research groups conducted parallel studies of the mortality
experienced by workers in the Libby mining and milling operations. One study was undertaken
by the National Institute of Occupational Safety and Health (NIOSH) (Amandus et al., 1987a;
Amandus and Wheeler, 1987; Amandus et al., 1987b) and the other by researchers from McGill

University (McDonald et al., 1986a; McDonald et al., 1986b). The exposure assessment

procedures used by the two groups relied on the same exposure measurements and used similar
assumptions in creating exposure estimates for specific job activities and time periods (see
Table 4-1). In brief, available air sampling data were used to construct a job-exposure matrix
assigning daily exposures (8-hour time-weighted average) for identified job codes based on
sampling data for specific locations and activities. Varying job codes and air exposures were
used for different time periods as appropriate to describe plant operations. Individual exposure
metrics (e.g., cumulative exposure) were calculated using the work history of each individual in
the study in conjunction with the plant job-exposure matrix. The specific study details for the
Libby, MT worker cohort are described in more detail below, with differences between the
research groups highlighted.

Before 1970, exposure estimates were based on midget impinger samples taken primarily
in the dry mill by state and federal inspectors. Total dust samples were measured as million
particles per cubic foot (mppcf) by the midget impinger method. Amandus et al. (1987a)
describe the period during which most of the midget impinger measurements were made as
1962-1967, and McDonald et al. (1986a) describe this period as 1962—-1969, with a few
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Table 4-1. Exposure assessment methodologies used in evaluations of Libby,
MT (see Section 4.1.1) and Marysville, OH (see Section 4.1.2) worker cohorts

Operation and study cohort

Asbestos fiber quantification and job-exposure
classification

Studies using methodology

Libby, MT mining and
milling operations; NIOSH
cohort

Exposure based on phase-contrast microscopy of
fibers >5 um long and aspect ratio >3:1
(1967—-1982), and midget impinger data
(1956-1969).

Samples assigned to 25 “occupation locations” to
estimate exposures for specific jobs and time
periods 1945-1982. Membrane-filter
measurement to impinger conversion ratio: 4.0
fibers/cc per mppcf. Cumulative exposure
reported in units of fiber-years (equivalent to the
unit of fibers/cc-years EPA is using for all
studies).

Amandus et al. (1987a; 1987b);
Amandus and Wheeler (1987)

Libby, MT mining and
milling operations; NIOSH
cohort

Modification to Amandus et al. (1987a) job
classification: laborers and “unknown” jobs
assigned weighted-average exposure for all
unskilled jobs in work area (if known) during
calendar time period, rather than lower mill yard
exposure.

Weights based on the number of workers assigned
to unskilled jobs during same calendar time
period.

Sullivan (2007); Moolgavkar et
al. (2010)

Libby, MT mining and
milling operations; ATSDR
cohort assembled from W.R.
Grace & Co. records

Extension of Amandus et al. (1987a) exposure
data, with additional application of exposure
estimates to job titles from early 1980s through
1993.

Larson et al. (2010b; 2010a)

Libby, MT mining and
milling operations; McGill
University cohort

Similar to Amandus et al. (1987a), except with 28
“occupation locations,” and conversion ratio = 4.6
for dry mill pre- and post 1964. Cumulative
exposure reported in units of fibers/ml-years
(equivalent to the unit of fibers/cc-years EPA is
using for all studies).

McDonald et al. (2004, 2002;
19864a; 1986b)

Marysville, OH
fertilizer production facility
using Libby, MT vermiculite

Libby, MT vermiculite ore used in the plant from
around 1960 to 1980.%

Industrial hygiene monitoring began 1972 (based
on fibers >5-um long, diameter <3 um, aspect
ratio >3:1). Breathing zone samples used after
1976. Fiber analysis by PCM.

Lockey et al. (1984); Rohs et al.
(2008)

®Rohs et al. (2008) use 1963 as the beginning date of the use of Libby, MT vermiculite at the Marysville, OH plant,
based on information from ATSDR (2008b, 2005b). Lockey et al. (1984) used 1957 as the beginning date.
Subsequent to these publications, additional information was used to conclude that the beginning date for use of
Libby vermiculite ore was 1959 (see Appendix F).

NIOSH = National Institute for Occupational Safety and Health; PCM = phase contrast microscopy.
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additional measures in earlier years.*” The number of samples available before 1970 was

336 (Amandus et al., 1987a). Membrane-filter air samples for fibers, taken at various locations

within the operations, began in 1967, and data are available from company records as well as
State and Federal Agencies (see Table 4-2). Stationary and short-term (i.e., 20-minute to less
than 4-hour) measurements were primarily used prior to 1974. The number of membrane-filter
samples available was 4,116. Air samples collected through membrane filters were analyzed by
phase contrast microscopy (PCM) to visually count fibers greater than >5-um long and having an
aspect ratio >3:1 (Amandus et al., 1987a)."* PCM methods from the 1960s allowed reliable

characterization of fibers with widths greater than approximately 0.4 um (Amandus et al., 1987a;
Rendall and Skikne, 1980). Further standardization of the PCM method provides better

visualization of thinner fibers, and 0.25 pm width is considered the limit of resolution for fiber
width (IPCS, 1986).

Table 4-2. Source of primary samples for fiber measurements at the Libby
mining and milling operations

Source Unit of measurement Years Number of samples
State of Montana mppcf® 1956-1969 336
NIOSH fibers/cc® 1967-1968 48
MESA/MSHA®* fibers/cc 1971-1981 789
Company records fibers/cc 1970-1982 3,279

®Million particles per cubic foot of air, sampled by a midget impinger apparatus and examined by light
microscopy.

®Fibers per cc of air drawn through a filter and examined under a phased contrast light microscope. Objects
>5 u and with an aspect ratio >3 were reported as fibers (see Section 2 for details).

*‘MESA: U.S. Mining and Enforcement and Safety Administration (former name of MSHA).

YMSHA: U.S. Mining and Safety Administration.

Source: Amandus et al. (1987a).

2Amandus et al. (1987a) indicates that one sample was available from 1942, and additional samples were available
after 1956; McDonald et al. (1986a) indicates that additional samples were available from 1944, 1956, and 1958.
B Amandus et al. (1987a) indicate (page 12, 4™ full paragraph) that fibers >5-pm long and with an aspect ratio >3
were measured. The actual value of the aspect ratio used by Amandus et al. could have been >3 because the
criterion for the NIOSH recommended exposure limit is based on an aspect ratio of >3, but EPA is reporting here the
information that was in the Amandus et al. (1987a) publication.
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The samples taken from specific work locations within the plant were used to estimate
exposures in specific jobs and time periods based on professional consideration of temporal
changes in facilities, equipment, and job activities. The analysis by McDonald et al. (1986a) was
based on 28 occupation locations, while the work of Amandus et al. (1987a) was based on
25 occupation locations. These were defined to categorize tasks and locations across the mining,
milling, and shipping operations to group like tasks, with respect to exposure potential, for
evaluation. Both research groups established similar location operations for the Libby cohort.
For the years after 1968, data from filter samples were available for all locations, and NIOSH
researchers used the average (arithmetic mean) exposure when more than one sample was
available for a given location or job task and time period. McDonald et al. (1986a) used an
alternative procedure described by Oldham (1965) to estimate the mean of log-normal
distributions.

For exposures occurring prior to 1968, different procedures had to be used to estimate
exposures at the various locations because measures from sample filters were not available from
this earlier period. McDonald et al. (1986a) estimated pre-1968 exposure measurements for
26 location operations; assumptions were made and estimates based on data from later years or
related operations, although these assumptions are not stated by the authors. McDonald et al.
(19864a) did recognize the uncertainty in these calculations, and, for four areas, (drilling, ore
loading, river dock, and bagging plant), provided high and low estimates. Amandus et al.
(1987a) interviewed company employees, considered relative exposure levels between locations
post 1968 employing best available judgment to estimate task specific exposure levels.

Amandus et al. (1987a) expanded the procedures described in McDonald et al. (1986a) to
estimate pre-1968 exposures for four location operations (drilling, ore loading, river dock, and
bagging plant). “Low” and “high” estimates were generated using different assumptions; the
detailed results for the various assumptions were not presented, but the differences between them
were described by the authors as “slight,” and the results presented were based on the high

estimate of exposure. Their decisions and specific assumptions are detailed (Amandus et al.,

1987a). The authors acknowledge there is uncertainty in exposure estimates prior to 1968 for
many of these locations. They do note that variability in sample results for the midget impinger
was low and that, in general, sample variability was low for fiber air-sampling results for areas

where the greatest numbers of employees worked (mill, service area, loading and bagging).
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To estimate dry mill exposures prior to 1967, when fiber counts from phase contrast
microscopy air samples began to be used to measure exposures, Amandus et al. (1987a)
established a conversion factor from total dust counts (mmpcf) to fiber counts (fibers/cc). The
conversion ratio was based on a comparison of 336 impinger samples taken in 1965-1969 and
81 filter samples taken in 1967-1971. Both sets of samples were taken in the dry mill. Using
different subsets of the samples (i.e., different years) resulted in ratios that ranged from
1.9 fibers/cc:1.0 mppcf to 11.5 fibers/cc:1.0 mppcf. The ratio based on the average fiber counts
from air samples (1967-1971) to the average total dust measurements in sample years
1965-1969 was 4.0 fibers/cc:1.0 mppcf. This was the ratio used in the analyses in the NIOSH
studies (Amandus et al., 1987a; Amandus and Wheeler, 1987; Amandus et al., 1987b) because it

allowed for the use of the greatest amount of data from overlapping time periods, while

controlling for the reduced exposure levels after 1971 where fiber count based on phase contrast
microscopy—but not midget impinger data—were available. This dust-to-fiber conversion
factor was only used to estimate exposures in the dry mill. The resulting exposure
concentrations of 168 fibers/cc in 1963 and all prior years and 35.9 fibers/cc in 1964-1967 were
applied to dry mill exposures (Amandus et al., 1987a).

McDonald et al. (1986a) used a different procedure, based on the estimated reduction in
dust exposure with the installation of the ventilation system in 1964. Rather than develop a
direct dust-to-fiber conversion factor, they observed that total dust levels dropped approximately
4.6-fold after the installation of ventilation in the dry mill. Therefore, exposures in the dry mill
prior to 1965 were calculated as 4.6 times the fiber exposures measured by PCM between 1970
and 1974 (22.1 fibers/cc) resulting in estimated dry mill exposures of 101.5 fibers/cc prior to
1965 (McDonald et al., 1986a).

Exposure estimates for each location operation derived from sampling data and history of

changes in control measures were used to develop a job-exposure matrix that estimated exposure
in fibers/cc for each job code during several calendar time periods. Jobs were mapped to
operation/location based on estimated time spent in different job tasks, thus estimating an 8-hour
time-weighted average exposure for each job during several calendar time periods. Job histories
from date of first employment to 1982 were used with the job-exposure matrix to develop

cumulative exposure estimates for each worker.
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4.1.1.2.1. Characteristics of historical fiber exposures

The resulting exposure estimates presented by both research groups, and the job-exposure
matrices used in calculating cumulative exposure for the cohort are based on fiber counts by
phase contrast microscopy analysis of air filters. As discussed in Section 2 (see Text Box 2-1),
phase contrast microscopy analysis does not distinguish between fiber mineralogy or
morphology and all fibers >5 pm in length with an aspect ratio of 3:1 or greater are included.
Both researcher groups analyzed fibers available at the facility in order to identify the mineral
fibers in the air samples.

Transmission electron microscopy™ (TEM) analysis of airborne asbestos fibers indicated
a range of fiber morphologies—including long fibers with parallel sides, needlelike fibers, and
curved fibers (McDonald et al., 1986a). Of the fibers examined by TEM, >62% were >5 pm in

length and a wide range of dimensional characteristic were noted: length (1-70 pm), width

(0.1-2 um), and aspect ratios from 3-100. Energy dispersive spectroscopy used to determine the
mineral analysis indicated that the fibers were in the actinolite-tremolite solid-solution series, but
sodium rich (McDonald et al., 1986a). This analysis is consistent with the current understanding

of amphibole asbestos found in the Libby mine (see Section 2.2.3).

At the time of their study, when exposure concentrations were reduced to generally less
than 1 fiber/cc, Amandus et al. (1987a) obtained eight air filters from area air samples collected
in the new wet mill and screening plant (provided by the mining company). These samples were
analyzed by phase contrast microscopy using the appropriate analytical method for the time
(NIOSH Physical and Chemical Analytical Method No. 239). From early method development
through current PCM analytical techniques, the Public Health Service, Occupational Safety and
Health Administration and NIOSH methods have defined a fiber by PCM analysis as having an
aspect ratio >3:1 (NIOSH, 1994a; Edwards and Lynch, 1968). Amandus et al. (1987a) reported

the dimensional characteristics of the fibers from these filters including aspect ratio, width, and

length (see Table 4-3). Data for 599 fibers from the 8 area air samples collected in the wet mill

and screening plant are provided. These data are limited in one sense by the minimum diameter

YTransmission electron microscopy (TEM) utilizes a high-energy electron beam to irradiate the sample. This
allows visualization of structures much smaller than can been seen under light microscopy. TEM instruments may
be fitted with two supplemental instruments that allow for a more complete characterization of structure than is
possible under light microscopy: energy dispersive spectroscopy (EDS) and selected area electron diffraction
(SAED).
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Table 4-3. Dimensional characteristic of fibers from air samples collected in
the vermiculite mill and screening plant, Libby, MT?

Fiber length (um) Fiber width (um) Aspect ratio
Total Percent Total | Percent Total Percent
Range counted (%) Range counted (%) Range counted (%)
4.98-7.04 54 9 0.44-0.62 406 68 5-10 24 4
7.04-9.96 109 18 0.62-0.88 151 25 10-20 176 29
9.96-14.08 107 18 0.88-1.24 27 5 20-50 305 51
14.08-19.91 111 19 1.24-1.76 14 2 50-100 84 14
19.91-28.16 90 15 1.76-2.49 0 0 >100 10 2
28.16-39.82 65 11 >2.49 1 0
39.82-66 46 8
66-88 10 2
>88 7 1

®Fibers were viewed and counted by Phase Contrast Microscopy.

Source: Amandus et al. (1987a).

and length cutoffs (>4.98-um long, >0.44-um wide, aspect ratio >3.0).” Even with these greater
than 10:1, with 16% greater than 50:1 aspect ratio. Only 7% of the fibers had a width greater
than 0.88 um, with one fiber reported of the 559 with a width greater than 1.76. It should be
noted that as NIOSH was examining PCM visible fibers, these data do not give the full fiber-size
distribution of Libby Amphibole asbestos fibers (see Section 2.2.3).

4.1.1.2.2. Descriptions of cohorts

The cohort studies conducted in the 1980s were similar in terms of exposure assessment
(as described in the previous section, Table 4-1), and other aspects of the study design (see
Table 4-4). Both studies included workers who had worked for at least 1 year. Amandus and
Wheeler (1987) included men hired before 1970 (n = 575), with follow-up through
December 31, 1981. McDonald et al. (1986a) included men hired before 1963 (n = 406) with
follow-up through 1983. A later analysis (McDonald et al., 2004) extended this follow-up
through 1999.

> See footnote 3, page 4—6.
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Table 4-4. Respiratory (lung) cancer mortality and exposure-response analyses based on studies of the
vermiculite mine workers in Libby, MT?

Reference(s)

Inclusion criteria and design details

Standardized mortality
ratio (SMR) (95% CI)

Exposure-response analyses—lung cancer

Amandus and
Wheeler (1987)

Men, hired before 1970, worked at least
one year, follow-up through 1982

(n =575); 161 deaths (159 with death
certificates).

Mean duration: 8.3 years (0 worked less
than 1 year).

Mean fiber-years: 200.3.

12 female workers not included in this
analysis.

No exclusions:
All cancer (n = 38)
SMR: 1.3 (0.9, 1.8)
Lung (n = 20)
SMR: 2.2 (1.4, 3.4)

20 or more years since
first hire (latency):
Lung (n =12)

SMR: 2.3 (p < 0.05)

No exclusions:
Cumulative Exposure
0.0-49 fibers/cc-yrs
50-99 fibers/cc-yrs
100-399 fibers/cc-yrs
>400 fibers/cc-yrs

n_
6
2
2

10

SMR (95% CI)"

1.5 (not reported)

1.6 (not reported)

1.1 (not reported)

5.8 (not reported, but p < 0.01)

20 or more years since first hire (20-year latency)

Cumulative Exposure
0.0-49 fibers/cc-yrs
50-99 fibers/cc-yrs
100-399 fibers/cc-yrs
>400 fibers/cc-yrs

n

2
2
1
7

SMR (95% CI)"
0.85 (not reported)

2.3 (not reported)
1.1 (not reported)
6.7 (not reported, but p < 0.01)

In a linear regression analysis of data with at least 20 years latency,
the results per fiber-year were: beta (standard error) = 0.60 (0.13)
and 0.58 (0.08) for threshold and nonthreshold models. Using a
survival (Cox) model, the corresponding estimate is 0.11 (0.04). All
estimates are statistically significant (p < 0.05).

McDonald et al.
(2004); McDonald
et al. (1986a)

Men, hired before 1963, worked at least
one year (n = 406); follow-up through —
1999 (McDonald et al., 2004); 165
deaths before July 1983 (163 with death
certificates); 120 deaths July 1983—
1998 coded by nosologists using ICD-8
classifications; cause of death for
deaths from 1983—1998 obtained from
National Death Index.

Mean duration: 8.7 years (0 worked less
than 1 year).

Mean fiber-yrs: 144.6.

Respiratory (n = 44)
SMR: 2.4 (1.7, 3.2)

Excluding first 10 years of follow-up:

Cumulative Exposure
0.0-11.6 fibers/cc-yrs
11.7-25.1 fibers/cc-yrs
25.2-113.7 fibers/cc-yrs
>113.8 fibers/cc-yrs

per 100 fibers/cc-yrs increase

n_ RR(95%CI)*
5 1.0 (referent)
9 1.7 (0.58,5.2)
10 1.9 (0.63,5.5)
163 3.2(1.2,88)
0.36 (0.03, 1.2) (p =0.02)

Similar patterns were reported for analyses of intensity and
residence-weighted exposure, but results not presented in paper.
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Table 4-4. Respiratory (lung) cancer mortality and exposure-response analyses based on studies of the
vermiculite mine workers in Libby, MT? (continued)

A%

Standardized mortality
Reference(s) Inclusion criteria and design details | ratio (SMR) (95% CI) Exposure-response analyses—lung cancer

Sullivan (2007) White men, enumerated in 1982, alive |15 year exposure lag: 15 year exposure lag:
in 1960 or hired after 1960, worked at | All cancer (n = 202) Cumulative Exposure n SMR (95% CI)® SRR (95% CI)°
least 1 day, follow-up 1960-2001 SMR: 1.4 (1.2,1.6) 0.0-4.49 fibers/cc-yrs 19 1.5(0.9,2.3) 1.0 (referent)
(n=1,672); 767 deaths (95% with Lung (n = 89) 4.5-22.9 fibers/cc-yrs 24 1.6 (1.1,2.5) 1.1 (0.6, 2.0)
known cause of death). SMR: 1.7 (1.4, 2.1) 23.0-99.0 fibers/cc-yrs 23 1.8(1.1,2.7) 1.4(0.7,2.7)
Mean duration: 4.0 years (808, ~50% >100 fibers/cc-yrs 23 1.9(1.2,2.9) 1.5(0.8,2.8)
worked less than 1 year). linear trend test (p <0.001)
Median fibers/cc-years: 8.7.
Underlying cause of death data from Duration n SMR (95% CI)® SRR (95% CI)°
death certificates or National Death <1 year 41 1.6(1.1,2.1) 1.0 (referent)
Index-Plus. 1-9.9 years 34 1.7 (1.1, 2.3) 1.1(0.7,1.8)

>10 years 14 2.5(1.4,4.3) 1.8 (0.9, 3.4)

Larson et al. Inclusion criteria not described Lung (n = 104) 20 year exposure lag:

(2010b) (n = 1,862); follow-up through 2006; SMR:1.6 (1.3, 2.0) Cumulative Exposure n__ SMR (95% CI)° RR (95% CI)®
952 deaths (80% with known cause of 0.0—<1.4 fibers/cc-yrs 19 (notreported) 1.0 (referent)
death). 1.4 to <8.6 fibers/cc-yrs 20 (not reported) 1.1 (0.6, 2.1)
Median duration: 0.8 years; 8.6 to <44.0 fibers/cc-yrs 21  (notreported) 1.7 (1.0, 3.0)
Median fibers/cc-yr = 4.3. >44.0 fibers/cc-yrs 38 (notreported) 3.2 (1.8,5.3)
Immediate and underlying cause of Per 100 fibers/cc-yrs increase 1.11 (1.05, 1.18)
death data (i.e., multiple cause of death) (p = 0.006)
from death certificates or National
Death Index-Plus.
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®Includes miners, millers, and processors; workers in the screening plant, loading docks, and expansion plants; and office workers.

SMR based on external referent group.

°In Sullivan (2007), the SRR is a ratio of sums of weighted rates in which the weight for each stratum-specific rate is the combined person-years for the observed
cohort across all duration (or cumulative level of exposure) categories. The Life-Table Analysis System provides the SRR for each duration (or cumulative
level of exposure) group compared to the referent group. The cutoff points for the categories are specified by the user. Taylor-series-based confidence intervals
are given for each specific SRR.

In McDonald et al. (2004), the RR is based on Poisson analysis using an internal referent group.

®In Larson et al. (2010b), the RR is based on Cox proportional hazards modeling using an internal referent group.

SMR = standardized mortality ratio, Cl = confidence interval, SRR = standardized rate ratio, RR = relative risk.
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A more recent analysis of the Libby, MT workers expanded the cohort to include all

workers, regardless of duration of employment (Sullivan, 2007). The total sample

(n = 1,672 white men) included 808 workers who had worked for less than 1 year. These
short-term workers had been excluded from the previous studies in Table 4-4. Analyses
presented in the report were based on follow-up from 1960-2001. This beginning point was
chosen because comparison rates for asbestosis, an outcome of interest, were not available before
1960 in the NIOSH Life-Table Analysis System, the analytic software used in the analysis
(Sullivan, 2007). Few deaths had occurred before 1960 (95 men dead or lost to follow-up before

1960 were excluded), so this exclusion criterion would not be expected to result in a substantial
loss of outcomes. Because mesothelioma was not coded separately until 1999, the mesothelioma
risk analysis is based on data from 1999-2001.

In the study by Sullivan (2007), comparison rates for standardized mortality ratio (SMR)
analyses were calculated from U.S. population cause-specific mortality data (limited to white
males) and adjusted for age and calendar year of follow-up (using 5-year groups). McDonald
et al. (2004) also used comparison rates from the U.S. population and included additional
analyses for the category of respiratory cancers using Montana population rates.

Larson et al. (2010b) reconstructed a worker cohort based on company records and
analyzed mortality risks through 2006. This study included 1862 workers; inclusion and
exclusion criteria are not stated, and, thus, it is not clear whether this analysis excluded females
or specific ethnic groups. The exposure assessment methodology was based on the methods
described by Amandus et al. (1987a)—without the modification used by Sullivan (2007).
Multiple causes of death (i.e., from any mention on the death certificate) were used, rather than
underlying cause of death. Because multiple causes of death are used, more than one cause of
death can be coded for an individual.

The studies of the Libby worker cohort by Amandus and Wheeler (1987), Sullivan
(2007), and Larson et al. (2010b) defined lung-cancer mortality based on more specific causes of
death codes compared to the broader classification of “all respiratory cancer” used by McDonald
et al. (2004; 1986a). For example, the International Classification of Diseases (ICD) codes used
for deaths due to cancers of the trachea, bronchus, and lung occurring during the applicable years
in the NIOSH cohort in Sullivan (2007) were ICD-7 162.0—162.1, 162.8, 163, ICD-8 162, and
ICD-9 162. In the first McDonald et al. (1986a) analysis, ICD-8 codes 160-163 for respiratory
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cancer were used, which also included cancer of the larynx (ICD-8 code 161) and some types of
“other” respiratory cancers (ICD-8 code 160). The updated follow-up for 1999 included ICD-9
codes 160165 for respiratory cancer, adding the “other” respiratory cancer group (ICD-9 codes
164 and 165). In the national Surveillance, Epidemiology, and End Results (SEER) cancer data
from 2003-2007, the age-adjusted mortality rate for cancer of the larynx was 1.2, compared to

52.5 per 100,000 person-years for lung and bronchial cancer (NCI, 2011). Thus, these additional

categories (larynx and “other” respiratory cancers) represent a relatively small proportion of
respiratory cancers, but they could be a source of some misclassification of the outcome if these
other cancers are not related to asbestos exposure.

The classification of mesothelioma was more difficult because of the lack of a unique
ICD code for mesothelioma prior to the 10™ revision, implemented in the United States in 1999.
The updated NIOSH study by Sullivan (2007) identified 15 deaths for which mesothelioma was
mentioned on the death certificate. Only two of these deaths occurred between 1999 and 2001;
these were coded using the ICD-10 mesothelioma coding (C45). Larson et al. (2010b) classified
all death certificates listing mesothelioma as ICD-10 code C45. The updated McGill study
(McDonald et al., 2004) (with analysis through 1998) noted that the classification of

mesothelioma was based on a nosologist’s review of death certificates; only 5 of the 12 cases

classified as mesothelioma had a cause of death listed as pleural cancer (ICD-9 code 163).

4.1.1.3. Cancer Mortality Risk
4.1.1.3.1. Lung cancer

The results within and among the papers in these two sets of studies (Larson et al., 2010b;
Sullivan, 2007; McDonald et al., 2004; Amandus and Wheeler, 1987; McDonald et al., 1986a)

show similar effects in terms of the increased risk seen for lung (or respiratory) cancer (see

Table 4-4). Exposure-response analyses from these studies demonstrated increasing mortality
with increasing exposure, using categorical and continuous measures of exposure, different lag
periods, and different exposure metrics. Because of the congruence in results and overlapping of
study participants among these studies, the most recent studies are discussed in detail below.

The analysis of McDonald et al. (2004) is limited to 406 male workers who were hired
before 1963 and who were employed for at least 1 year. The mean duration of work was
8.7 years. Cause of death data were obtained from the National Death Index for deaths from
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1983 to 1998 and were based on ICD-8 coding by a nosologist using death certificates obtained
for deaths before 1983. Expected rates were based on age-, race- and sex- specific rates. A total
of 44 deaths due to respiratory cancers were observed, for an SMR = 2.4 (95% confidence
interval [C1]: 1.7, 3.2). A pattern of increasing mortality with increasing cumulative exposure
was seen, with relative risks (RRs) of 1.0 (referent), 1.7, 1.9, and 3.2 in categories of 0.0-11.6,
11.7-25, 25.2-113.7, and >113.8 fibers/cc-years, respectively (see Table 4-4). The estimated
linear increase in RR of respiratory cancer risk per 100 fibers/cc-years cumulative exposure was
0.36 (95% CI: 0.03, 1.2) (p = 0.02). McDonald et al. (2004) reported that similar results were
obtained with measures of exposure intensity and measures of residence-weighted exposure, but
the data were not presented in the paper.

Sullivan (2007) included 1,672 white male workers who were alive in 1960 or hired after
1960. There was no minimum duration of employment required for inclusion in this analysis,
and approximately 50% of the cohort (n = 808) had worked less than 1 year. Mortality follow-up
was conducted through 2001, with 767 identified deaths. The exposure assessment protocol was
based on that described by Amandus et al. (1987a), with a modification to the estimated intensity
of exposure to laborers and to those with “unknown” jobs. Sullivan (2007) assigned
weighted-average exposure for all unskilled jobs in a department (if known) during a calendar
time period, rather than lower mill yard exposure used by Amandus et al. (1987a). The weights
are based on the number of workers assigned to unskilled jobs during the same calendar time
period. In the Sullivan (2007) follow-up, SMRs, using underlying cause-of-death data (based on
death certificates) obtained through the National Death Index and from individual states, and
expected mortality based on national age-, race-, and sex-specific rates, were calculated. Using a
15-year exposure lag, SMRs were increased for lung cancer (n =89, SMR = 1.7, 95% CI: 1.4,
2.1) and for all cancer mortality (n = 202, SMR = 1.4, 95% CI: 1.2, 1.6) (see Table 4-4).
Additionally, an internal referent group was used for analyses of risk in relation to cumulative
exposure and duration. The results of these internal analyses are presented as standardized rate
ratios (SRR) for white men, controlling for age group. Increasing risks across categories of
cumulative exposure and duration were observed with both types of analyses, indicating a
positive exposure-response relationship. The SMR estimates for lung-cancer mortality were 1.5,
1.6, 1.8, and 1.9 in the 1- to 4.49-, 4.5- t0 22.9-, 23.0- to 99.0-, and >100 fibers/cc-year exposure

categories, respectively. The SRR estimates were 1.0, 1.1., 1.4, and 1.5, respectively, across
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these same exposure categories (see Table 4-4). For comparison to the earlier work by
McDonald et al. (1986a), an SMR was provided for all respiratory cancer in those employed at
least 1 year (SMR 2.0, 95% CI: 1.5-2.5). For the full cohort employed at least 1 day, the SMR
for all respiratory cancer was 1.7 (95% CI: 1.4-2.1) (Sullivan, 2007).

Amandus and Wheeler (1987) provide some information on the smoking history of a

sample of 161 male workers employed during 1975-1982 with at least 5 years of employment in
the Libby cohort study and comparison data based on surveys conducted in the United States
from 1955-1978. Among the workers, 35% were current smokers, and 49% were former
smokers. This smoking information was obtained from questionnaires the company
administered to workers after 1975. Assuming the definitions are similar to those of the national
surveys, however, the prevalence of current smokers is similar in the worker cohort compared to
the U.S. white male population data (ranging from 37.5-41.9% current smokers between 1975
and 1978). The only year in this range with data on former smokers in the national survey is
1975, and, at that time, the prevalence of former smokers in the population data was 29.2%,
about 20% lower than among the workers. Using an estimated RR of lung cancer of 14 among
smokers, Amandus and Wheeler (1987) estimated that the difference in smoking rates between
workers and the comparison population could have resulted in a 23% increase in the observed
risk ratio and commented that the increased risk observed in the lower dose range

(<50 fiber-years) could be the result of confounding by smoking status.

Smoking patterns in the U.S. population changed considerably over the period
corresponding to the data reported by Amandus and Wheeler (1987). In the National Health
Interview Surveys conducted between 1974 and 1983, the prevalence of smoking in males
age 20 and older decreased from 42.1 to 35.5% (HHS, 1990). In addition, the prevalence of
former smokers can depend on the definition used. Based on 1986 survey data, the percentage of

adults age 17 and older classified as former smokers varied between 14.7 and 25.8% using
different definitions for time since last smoked (e.g., from quitting 5 or more years ago to

quitting within the past 3 months) (HHS, 1990). Thus, given the lack of information pertaining

to the period in which smoking information was collected and the specifics of the sources that
were used, EPA concludes there is considerable uncertainty regarding the evidence for

differences in smoking rates between the workers and the external comparison population.
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Larson et al. (2010b) evaluated multiple causes of death, and, therefore, more than one
cause of death can be coded for an individual. A total of 104 lung or bronchus cancer deaths
were observed, for an SMR of 1.6 (95% ClI: 1.3, 2.0) using an external comparison of United
States cause of death data from 1960 to 2002 (Larson et al., 2010b). A higher risk was seen in

the higher cumulative exposure categories using Cox proportional hazards modeling with an
internal referent group: relative risk 1.0 (referent), 1.1 (95% CI: 0.6, 2.1), 1.7 (95% CI: 1.0, 3.0),
and 3.2 (95% CI: 1.8, 5.3) respectively, for <1.4 (referent), 1.4 to <8.6, 8.6 to <44.0 and >44.0
fibers/cc-years. Larson et al. (2010b) used data from a health screening program conducted in
Libby by ATSDR in 2000-2001 (described in Section 4.1.2.2) pertaining to smoking history to
estimate that the proportion of smokers ranged from 50% to 66% in the unexposed group
(defined as exposure <8.6 fibers/cc-years) and between 66% and 85% among the exposed
(defined as >8.6 fibers/cc-years). Larson et al. (2010b) used these estimates in a Monte Carlo
simulation to estimate the potential bias in lung cancer risks that could have been introduced by
differences in smoking patterns. The bias-adjustment factor (RRunadjusted/ RRadjusted = 1.3) reduced

the overall RR estimate for lung cancer from 2.4 to 2.0.

4.1.1.3.2. Mesothelioma

Data pertaining to mesothelioma risk from the available studies are summarized in
Table 4-5. McDonald et al. (2004) presented dose-response modeling of mesothelioma risk
based on 12 cases. Using Poisson regression, the mesothelioma mortality rate across increasing
categories of exposure was compared to the rate in the lowest exposure category. Note that the
referent group was also at excess risk of dying from mesothelioma; that is, one to three cases of
mesothelioma were observed in the referent group, depending on the exposure index. Three
exposure indices were used in analysis: average intensity over the first 5 years of employment,
cumulative exposure, and residence-weighted cumulative exposure. Because of the requirement
for 5 years of employment data, 199 individuals (including three mesothelioma cases) were
excluded from the analysis of average intensity. The residence-weighted cumulative exposure
was based on the summation of exposure by year, weighted by years since the exposure. This
metric gives greater weight to exposures that occurred a longer time ago. Although evidence of
an excess risk of dying from mesothelioma was seen in all groups, there was little evidence of

increasing RR with increasing average intensity or cumulative exposure. For the
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Table 4-5. Mesothelioma mortality risk based on studies of the vermiculite
mine workers in Libby, MT?

Reference(s)

Inclusion criteria and design
details

Results

Amandus and
Wheeler (1987)

Men, hired before 1970, worked at
least 1 year, follow-up through 1982
(n =575); 161 deaths (159 with death
certificates).

Mean duration: 8.3 years (0 worked
less than 1 year). Mean fiber-years:
200.3. Twelve female workers not
included in this analysis.

2 mesothelioma deaths observed (hired in 1946, 33 years
latency, exposure >300 fibers/cc-years); 1.2% of all
deaths

McDonald et al.
(2004);
McDonald et al.
(1986a)

Men, hired before 1963, worked at
least 1 year (n = 406), follow-up
through 1999 (McDonald et al.,

12 mesothelioma deaths observed; 4.2% of all deaths
Excluding first 10 years of follow-up:

2004); 165 deaths before July 1983
(163 with death certificates);

120 deaths from July 19831998
coded by nosologists using ICD-8
classifications; cause of death for
deaths from 1983-1998 obtained
from National Death Index.

Mean duration: 8.7 years (0 worked
less than 1 year). Mean fiber-yrs:
144.6.

Cumulative Exposure n_ RR(95%CI)°
0.0-11.6 fibers/cc-yrs 1 1.0 (referent)
11.7-25.1 fibers/cc-yrs 4 3.7(0.41,335)
25.2-113.7 fibers/cc-yrs 3 3.4(0.35,33.2)
>113.8 fibers/cc-yrs 4 3.7(041,332)
per 100 fibers/cc-yrs increase 0.10 (<0, 1.81)

(p > 0.20)
Intensity Category n_ RR(95% CI)°
0.0-11.6 fibers/cc-yrs 1 1.0 (referent)
11.7-25.1 fibers/cc-yrs 4 3.4(0.37,30.9
25.2-113.7 fibers/cc-yrs 2 23(0.21,26.1)
>113.8 fibers/cc-yrs 2 2.1(0.19,23.9)
per 100 fibers/cc-yrs increase 0.02 (<0, 1.08)

(p >0.20)
Residence-weighted _n_ RR(95% CI)°
0.0-25.1 fibers/cc-yrs 3 1.0 (referent)
25.2-113.7 fibers/cc-yrs 4 157 (0.35,7.07)
>113.8 fibers/cc-yrs 5 1.95(0.41, 8.51)
per 100 fibers/cc-yrs increase 0.03 (<0, 6.4)

(p > 0.20)

Sullivan (2007)

White men, enumerated in 1982,
alive in 1960 or hired after 1960,
worked at least 1 day, follow-up
1960-2001 (n = 1,672); 767 deaths
(95% with known cause of death).
Mean duration: 4.0 years (808, ~50%
worked less than 1 year). Median
fibers/cc-years: 8.7.

Underlying cause of death data from
death certificates or National Death
Index-Plus. SMR analysis limited to
1999-2001 because this is the period
for which comparison data from
ICD-10 are available.

15 mesothelioma deaths observed; 2% of all deaths
N = 2 for 1999-2001:

SMR: 15.1 (95% CI: 1.8, 54.4)
Pleural (n=4)

SMR: 23.3 (95% CI: 6.3, 59.5)
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Table 4-5. Mesothelioma mortality risk based on studies of the vermiculite
mine workers in Libby, MT? (continued)

Inclusion criteria and design

Reference(s) details Results
Larson et al. Inclusion criteria not described 19 mesothelioma deaths observed
(2010b) (n = 1,862); follow-up through 2006; SMR: 94.8 (95% ClI: 57, 248)

952 deaths (80% with known cause
of death). Median duration: 0.8
years; Median fibers/cc-yr = 4.3.
Immediate and underlying cause of
death data (i.e., multiple causes of
death) from death certificates or
National Death Index-Plus.

20 year exposure lag:
Cumulative Exposure n

RR (95% CI)°

<1.4 fibers/cc-yrs 1 1.0 (referent)
1.4 to <8.6 fibers/cc-yrs 2 1.9(0.31, 13.6)
8.6 to <440 fibers/cc-yrs 5 4.5 (0.8, 24.6)
>44.0 fibers/cc-yrs 11 17.1(3.7,78.1)

per 100 fibers/cc-yrs increase 1.15(1.03, 1.28)

(p = 0.0134)

%Includes miners, millers, and processors; workers in the screening plant, loading docks, and expansion plants; and

office workers.

®In McDonald et al. (2004), the RR is based on Poisson analysis using an internal referent group.
°In Larson et al. (2010b), the RR is based on Cox proportional hazards modeling using an internal referent group.

SMR = standardized mortality ratio, Cl = confidence interval, SRR = standardized rate ratio, RR = relative risk.

residence-weighted cumulative exposure, an RR of 1.57 was observed among those with

500.1-1,826.8 fibers/cc-years exposure, and an RR of 1.95 was observed among workers with

higher residence-weighted cumulative exposure. Sullivan (2007) identified 15 deaths from

mesothelioma through a manual review of death certificates, with 14 classified as “pleural or

unspecified,” and 1 classified as “peritoneal.” Only two of these deaths occurred between 1999

and 2001, the period for which comparison data using the ICD-10 classification criteria were
available. Based on these two mesothelioma deaths, the SMR was 14.1 (95% CI: 1.8, 54.4).

Larson et al. (2010b) identified 19 mesothelioma deaths (coding any mention of mesothelioma

on the death certificate as the ICD-10 classification of C45). Comparison data were based on
multiple-causes-of-death data (1960 to 2002). The SMR for mesothelioma was 94.8 (95% CI:

57.0, 148.0), and an increasing risk was seen across quartiles of exposure (see Table 4-5). The

comparison rates for the SMR analysis are based on multiple cause of death data for the U.S.

population from 1960-2002; only a small portion of this period included the ICD-10 coding

scheme for mesothelioma. Thus, the expected rates could be underestimated, biasing the effect

estimates upward.
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4.1.1.3.3. Other cancers

Larson et al. (2010b) presented data on cancers other than respiratory tract and
mesothelioma. The category of malignant neoplasms of digestive organs and peritoneum
included 39 observed deaths, for an SMR of 0.8 (95% CI: 0.6, 1.1). No risk in relation to
asbestos exposure was seen with a 20-year lag. The potential for underascertainment of specific
causes of death should be noted, however, given the 10% loss to follow-up and missing cause of
death data for 9% of the identified deaths.

4.1.1.3.4. Summary of cancer mortality risk in Libby, MT vermiculite mining operation
workers

The studies conducted in the 1980s (Amandus and Wheeler, 1987; McDonald et al.,
1986a) as well as the extended follow-up studies published in more recent years (Larson et al.,
2010b; Sullivan, 2007; McDonald et al., 2004) provide evidence of an increased risk of

lung-cancer mortality and of mesothelioma mortality among the workers in the Libby
vermiculite mining and processing operations. The lung cancer analyses using an internal

referent group in the larger follow-up studies (Larson et al., 2010b; Sullivan, 2007; McDonald et

al., 2004) observed increasing risks with increasing cumulative exposure exposures when
analyzed using quartiles or as a continuous measure. Increased risks are also seen in the studies
reporting analyses using an external referent group (i.e., standardized mortality ratios) (Sullivan,
2007; Amandus and Wheeler, 1987; McDonald et al., 1986a).

4.1.1.4. Noncancer Effects: Respiratory and Cardiovascular Disease
4.1.1.4.1. Asbestosis and other nonmalignant respiratory disease mortality

The studies described previously also reported noncancer mortality data, with a specific
focus on respiratory diseases (see Table 4-6). In Sullivan (2007), the SMR for asbestosis
(ICD-9 code 501) was 166 (based on n = 22, underlying cause of death compared to a U.S. white
male referent group). In Larson et al. (2010b), the SMR was 143 (95% CI: 111, 181), based on
69 observed asbestosis-related deaths using multiple-causes-of-death data. Increasing
cumulative exposure was observed to increase the risk for asbestosis mortality in both of these
analyses (see Table 4-6). A two- to threefold increase was also seen for other categories of
nonmalignant respiratory disease in Larson et al. (2010b), with an SMR of 2.4 (95% ClI: 2.2, 2.6)
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Table 4-6. Nonmalignant respiratory mortality studies of the vermiculite
mine workers in Libby, MT?

Reference(s)

Respiratory disease
(SMR, 95% CI)

Dose-response analyses:
Nonmalignant respiratory diseases and asbestosis

Amandus

No exclusions:

No exclusions: Nonmalignant respiratory diseases

and Wheeler | Nonmalignant respiratory | Cumulative Exposure n SMR (95%Cl)"
(1987) diseases (n = 20) 0.0-49 fibers/cc-yrs 8 2.2 (not reported)
(NIOSH) SMR: 2.4 (1.5, 3.8) 50-99 fibers/cc-yrs 2 1.7 (not reported)
100-399 fibers/cc-yrs 3 1.8 (not reported)
20 year latency: >400 fibers/cc-yrs 10 4.0 (not reported, but p < 0.01)
N_onmallgna_nt respiratory 20 or more years since first hire (latency): Nonmalignant respiratory
diseases (n = 12) diseases
SMR: 2.5 (p < 0.05) Cumulative Exposure n SMR (95%ClI)°
0.0-49 fibers/cc-yrs 7 3.3 (not reported, but p < 0.05)
50-99 fibers/cc-yrs 2 2.8 (not reported)
100-399 fibers/cc-yrs 0 0 (not reported)
>400 fibers/cc-yrs 3 2.8 (not reported)
McDonald et | Nonmalignant respiratory | Excluding first 10 years of follow-up: Nonmalignant respiratory diseases
al. (2004); diseases (n = 51) Cumulative Exposure n RR (95%Cl)"
McDonald et SMR: 3.1 (2.3,4.1) 0.0-11.6 fibers/cc-yrs 5 1.0 (referent)
al. (1986a) 11.7-25.1 fibers/cc-yrs 13 2.5(0.88,7.2)
(McGill) 25.2-113.7 fibers/cc-yrs 14 2.6 (0.93,7.3)
>113.8 fibers/cc-yrs 19 3.1(1.2,8.4)
per 100 fibers/cc-yrs - 0.38 (0.12, 0.96) (p = 0.0001)
Sullivan 15 year exposure lag: 15 year exposure lag: Asbestosis
(2007) Asbestosis (n = 22) Cumulative Exposure n SMR (95% CI)° SRR (95% CI)°
(NIOSH) SMR: 166 (104, 251) 0.0-49.9 fibers/cc-yrs 3 37(75,122) 1.0 (referent)
Nonmalignant respiratory |50.0-249.9 fibers/cc-yrs 8  213(91.6,433) 7.3(1.9, 28.5)
diseases (n = 111) >250 fibers/cc-yrs 11 749 (373, 1,368) 25.3 (6.6, 96.3)
SMR: 2.4 (2.0, 2.9) linear trend test (p <0.01)

Chronic obstructive
pulmonary disease (n = 53)
SMR: 2.2 (1.7, 2.9)
Other nonmalignant
respiratory diseases
(n=19)
SMR: 2.7 (1.6, 4.2)

15 year exposure lag: Nonmalignant respiratory diseases
Cumulative Exposure n SMR (95%Cl)" SRR (95% CI)°

0.0-4.49 fibers/cc-yrs 18 18(1.1,2.8) 1.0 (referent)
4.5-19.9 fibers/cc-yrs 24 2.0(13,3.0) 1.2 (0.6, 2.3)
20.0-84.9 fibers/cc-yrs 26 2.2(15,3.3) 1.5(0.8,2.9)
85.0-299.9 fibers/cc-yrs 20 2.6 (1.6, 4.0) 1.4 (0.7,2.7)
>300 fibers/cc-yrs 23 48(3.1,7.3) 2.8(1.3,5.7)
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Table 4-6. Nonmalignant respiratory mortality studies of the vermiculite
mine workers in Libby, MT? (continued)

Reference(s)

Respiratory disease
(SMR, 95% CI)

Dose-response analyses:
Nonmalignant respiratory diseases and asbestosis

Larson et al.

Asbestosis (n = 69)

20 year exposure lag: Asbestosis

(2010b) SMR: 143 (111, 181) Cumulative Exposure n SMR (95% CI)° RR (95% CI)®
Nonmalignant respiratory | <1.4 fibers/cc-yrs 4 (not reported) 1.0 (referent)
diseases (n = 425) 1.4— <8.6 fibers/cc-yrs 8  (not reported) 2.8(1.0,7.6)

SMR: 2.4 (2.2, 2.6) 86— <44.0 fibers/cc-yrs 25 (not reported) 8.0 (3.2, 19.5)

Chronic obstructive
pulmonary disease
(n=152)

SMR: 2.2 (1.9, 2.6)
Other nonmalignant

>44.0 fibers/cc-yrs 32
Per 100 fibers/cc-yrs increase

(not reported) 11.8 (4.9, 28.7)
1.18 (1.12, 1.23)
(p <0.001)

20 year exposure lag: Nonmalignant respiratory diseases

Cumulative Exposure n_ SMR (95% CI)° RR (95% CI)®

respiratory (n = 120) <1.4 fibers/cc-yrs 43 (not reported) 1.0 (referent)

SMR: 2.8 (2.3 3.4) 1.4— <8.6 fibers/cc-yrs 46 (not reported) 1.4(0.9,2.1)
86— <44.0 fibers/cc-yrs 56 (not reported) 1.8(1.3,2.7)
>44.0 fibers/cc-yrs 58 (not reported) 25(1.7,3.6)
Per 100 fibers/cc-yrs increase 1.08 (1.03, 1.13)

(p =0.0028)

®Includes miners, millers, and processors; workers in the screening plant, loading docks, and expansion plants; and
office workers.

SMR based on external referent group.

°In Sullivan (2007), the SRR is a ratio of sums of weighted rates in which the weight for each stratum-specific rate is
the combined person-years for the observed cohort across all duration (or cumulative level of exposure) categories.
The Life-Table Analysis System provides the SRR for each duration (or cumulative level of exposure) group
compared to the referent group. The cutoff points for the categories are specified by the user. Taylor-series-based
confidence intervals (Rothman, 1986) are given for each specific SRR.

In McDonald et al. (2004), the RR is based on Poisson analysis using internal referent group.

®In Larson et al. (2010b), the RR is based on Cox proportional hazards modeling using an internal referent group.

SMR = standardized mortality ratio, Cl = confidence interval, SRR = standardized rate ratio, RR = relative
risk.

for all nonmalignant respiratory disease, and SMR = 2.8 (95% CI: 2.3, 3.4) for diseases other
than asbestosis, chronic obstructive pulmonary disease, and silicosis. These results are similar to
the nonmalignant respiratory disease mortality data from studies of this cohort using underlying
cause-of-death data. A markedly higher risk of nonmalignant respiratory disease mortality was
also observed in the cumulative exposure category of >300 or >400 fibers/cc-years, respectively
in Sullivan (2007) and Amandus and Wheeler (1987). Larson et al. (2010b) used a Monte Carlo
simulation to estimate the potential bias in nonmalignant respiratory disease risk that could have

been introduced by differences in smoking patterns between exposed and unexposed workers in
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the cohort. The bias-adjustment factor (RRunadjusted/ RRadjusted = 1.2) reduced the overall RR

estimate for nonmalignant respiratory mortality from 2.1 to 1.8.

4.1.1.4.2. Radiographic abnormalities

Respiratory disease risk is also evidenced by chest radiographs showing pleural and
parenchymal abnormalities in the Libby, MT worker cohorts (see Table 4-7). Two of these
studies were conducted in the 1980s and were based on X-rays of a subset of workers taken for
either an annual workplace screening (Amandus et al., 1987b) or as part of a study examination
(McDonald et al., 1986b). The subset of McDonald et al. (1986b) included 164 workers

currently employed at the Libby facility, 80 former employees, and 47 area residents without

known dust exposure. The subset selected by Amandus et al. (1987b) included workers with at
least 5 years tenure who had worked at Libby at some time during 1975-1982. The most recent
X-ray film for each worker, which NIOSH obtained from the Libby hospital that performed the
screening, was independently read by three qualified readers using the International Labor Office
(ILO) classification system. For the analysis, the classification indicating pleural abnormalities
by at least two of the three readers was used to determine the presence of pleural abnormalities,
while the median reading was used to determine the profusion category of small opacities. In the
McDonald et al. (1986b) study, all three readings agreed for about 90% of the chest X-rays that
showed evidence of pleural calcification, obliteration of the costophrenic angle, and pleural
thickening on the diaphragm. Similarly, all three readings agreed for about 80% of chest X-rays
that showed evidence of small opacities, pleural plaques, or diffuse thickening. Amandus et al.
(1987b) provided a more detailed breakdown of the correspondence between readers for the
rating of small opacities (by category). The prevalences of any opacities (category 1/0 or more)
were 10, 16, and 10% for Readers A, B, and C. This difference among raters was similar to that
seen in other studies. Other design details are described in Table 4-7.

Although both research groups utilized the ILO 1980 guidelines, McDonald et al (1986b)
reported pleural thickening on the chest wall (both pleural plaques and diffuse) but excluding
other sites. Amandus et al (1987b) report “any pleural change” (both pleural plaques and
diffuse, defined as “...any unilateral or bilateral pleural change, which included pleural plaque,

diffuse pleural thickening of the chest wall, diaphragm or other site, but excluded costophrenic
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Table 4-7. Chest radiographic studies of the Libby, MT vermiculite mine

workers
Reference(s) Inclusion criteria and design details Results
McDonald et | Men employed on July 1, 1983 (n = 164). Pleural thickening of the chest wall observed
al. (1986b) |Former male employees living within 200 miles; hired |in 15.9% of current employees and 52.5% of
before 1963 (n = 80), worked at least 1 year past employees.
(80 participants from 110 eligible); 43 had a previous |Small opacities (>1/0) observed in 9.1% of
X-ray. current employees and 37.5% of past
Men without known dust exposure (n = 47); X-rays employees.
taken for other reasons (mostly employment related) | Both abnormalities increased with age.
at same place during study period; 24 had a previous | Age-adjusted and age-stratified (>60 years
X-ray. old) analyses showed increasing risk of both
Data from nine women employed on July 1, 1983 not | abnormalities with increasing cumulative
included in this report. exposure.
Amandus et | Men, employed during 1975-1982 with at least Pleural thickening of the chest wall observed
al. (1987b) |5 years tenure (n = 191); 184 with previous chest in 13%.
X-rays; 121 with smoking questionnaires. Small opacities (=1/0) observed in 10%.
Annual radiographs taken since 1964; most recent Both abnormalities increased with
radiograph evaluated. Mean employment duration: increasing cumulative exposure.
14 years. Mean fiber-years: 123 (all workers),
119 (workers with radiographs).
Whitehouse |n =123 (86 former employees of W.R. Grace & Co., |Average yearly loss (n = 123):
(2004) 27 family members of employees, and 10 Libby FVC 2.2%
residents with only environmental exposures). TLC 2.3%
Average age: 66 years; 80% males. Fifty-six patients | DLCO 3.0%
had interstitial abnormalities at profusion category 0/1
or 1/0. Chest X-rays and/or HRCT scans; pulmonary
function tests (FVC, TLC, and DLCO).
Larson et al. | Men with 2 or more X-rays spanning a period of 4 or | Latency (time from hire to observed
(2010a) more years. Most recent X-ray read independently by |change), median (25", 75" percentile) years:

each of 3 NIOSH B-readers; each series of X-rays (for
a given participant) then read by the panel for a
consensus determination of time of first appearance of
the detectable abnormality (n = 84).

Localized pleural thickening
8.6 (1.4,14.7)

Any pleural calcification
17.5 (8.1, 24.2)

Diffuse pleural thickening
27.0 (10.7, 29.8)

DLCO = single breath carbon monoxide diffusing capacity; FVC = forced vital capacity; TLC = total lung capacity,
HRCT = high resolution computed tomography.
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angle obliteration...”), which included all sites as well as a second category of “pleural
thickening of the chest wall.”

Amandus et al. (1987Db) reported pleural thickening of the chest wall in 13% and small
opacities (>1/0) in 9.1% of current employees. Similar data were reported by McDonald et al.
(1986b), with 15.9 and 10% with pleural thickening of the chest wall and small opacities,
respectively. In both studies, prevalence of these abnormalities increased with increasing
cumulative exposure. McDonald et al. (1986b) also included 80 former employees in their
study. The prevalence of pleural thickening of the chest wall (52.5%) and small opacities
(37.5%) was higher in these workers compared with current workers. These groups differed by
age, however, with only one of the 80 former workers < age 40 years compared with 80 of
164 current workers. Within the age category 40 to 59 years, the prevalences of chest wall
pleural thickening were 20.3 and 40.0% in current and former employees, respectively, and, in
the >60-years age group, the prevalences were 40.0 and 61.2%, respectively. The authors
attribute these differences in prevalence rates in current compared with former employees to
differences in cumulative exposure. Among the 47 area residents without known dust exposure
in an occupational setting in the study by McDonald et al. (1986b), the prevalence of pleural
thickening was 8.5% (n = 4), and the prevalence of small opacities was 2.1% (n = 1).

Both Amandus et al. (1987b) and McDonald et al. (1986b) provided categorical
exposure-response data as well as logistic models for various endpoints (e.g., small opacities,
pleural calcification, pleural thickening of the chest wall, and “any pleural change”). In
McDonald et al. (1986b), exposure and age were both predictive of pleural thickening along the
chest wall, and the regression coefficient for cumulative exposure (fibers-years/cc) was
0.0024 per unit increase in cumulative exposure for the log odds of the presence of pleural
thickening, adjusting for age and smoking. Exposure, age, and smoking status were all
predictive of small opacities, with a beta of 0.0035 per unit increase in cumulative exposure. In
contrast, although categorical analysis reported by Amandus et al. (1987b) indicated a positive
exposure response relationship for both “any pleural change” and pleural thickening along the
chest wall, exposure was not a significant predictor in regression analysis controlling for age
(regardless of smoking status). The estimated relationship between exposure and prevalence of
small opacities in Amandus et al. (1987b) was similar to that reported by McDonald et al.
(1986b).
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Whitehouse (2004) examined changes in pulmonary function measures in 123 patients
seen in a pulmonary disease practice serving the Libby, MT area, with a mean follow-up time of
35 months. This study population included 86 former employees of W.R. Grace & Co.,

27 family members of employees, and 10 Libby residents with only environmental (i.e.,
nonoccupational, nonfamily-related) exposures. The average age at the time of the first
pulmonary study was 66 years, and 80% were male. Chest X-rays or high resolution computed
tomography scans revealed no evidence of interstitial changes in 67 (55%) of the 123 patients,
and 56 patients (45%) were found to have interstitial changes at profusion category 0/1 or 1/0.
Pulmonary function tests included forced vital capacity (FVC), total lung capacity (TLC), and
the single breath carbon monoxide diffusing capacity (DLCO). The average yearly loss was
2.2% for FVC, 2.3% for TLC, and 3.0% for DLCO. The subset of 94 patients who experienced a
loss of FVC was characterized as the group with worsening lung function. Among this group,
the average yearly loss was 3.2% for FVC, 2.3% for TLC, and 3.3% for DLCO.

Larson et al. (2010a) analyzed data from a subset of workers for whom pleural and/or
parenchymal abnormalities were seen on the most recently available X-ray and who had one or
more previous X-rays covering a span of at least 4 years available for comparison. Three
NIOSH B-readers independently reviewed the most recent of the available X-rays for each

individual in the study using ILO criteria (ILO, 2002). If pleural or parenchymal abnormalities

consistent with asbestos exposure were seen by each of the readers, the full series of X-rays for
that participant was evaluated to identify the time at which changes were first seen. For this set
of analyses, the readers worked as a consensus panel, examining each of the available X-rays in
reverse chronological order to determine the latency (i.e., length of time between first exposure,
as measured by date of hire and observed abnormality), and the degree of progression by type of
abnormality. Stored X-rays were found for 184 workers, and 84 were included in the analysis.
Exclusions were based on the following: 76 did not have at least two X-rays over the span of at
least 4 years, 20 declined to participate, unanimous classification of the most recent X-ray was
not reached for 3, and 1 worker did not have any detectable abnormality. Localized pleural
thickening was seen in 83 of these 84 workers who were known to have had pleural and/or
parenchymal abnormalities at a median latency of 8.6 years. Any pleural calcification was seen
in 37 workers, with a median latency of 17.5 years, and diffuse pleural thickening was seen in

12 workers (median latency: 27.0 years). The latency period increased with increasing profusion
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categories, from a median of 18.9 years for >1/0, 33.3 years for progression to >2/1, and

36.9 years for progression to >3/2.

4.1.1.4.3. Cardiovascular-related mortality

Larson et al. (2010b) presents data on mortality due to cardiovascular diseases, with
SMRs of 0.9 (95% CI: 0.9, 1.0) seen for heart disease (n = 552) and 1.4 (95% CI: 1.2, 1.6) seen
for circulatory system diseases (n = 258). Deaths due to heart diseases were further categorized
into ischemic heart disease (n = 247) and other heart disease (n = 120, for pericarditis,
endocarditis, heart failure, and ill-defined descriptions and complications of heart disease), with
SMRs of 0.7 (95% CI: 0.6, 0.8) and 1.5 (95% 1.2, 1.8), respectively. Circulatory diseases
included hypertension without heart disease (n = 42), with an SMR of 1.7 (95% ClI: 1.2, 2.4) and
diseases of arteries, veins, or lymphatic vessels (n = 136), SMR = 1.6 (95% CI: 1.4, 2.0). The
combined category of cardiovascular-related mortality resulted in modestly increased risks
across quartiles of exposure, with RR of 1.0 (referent), 1.3 (95% CI: 1.0, 1.6), 1.3 (95% CI: 1.0,
1.6), and 1.5 (95% CI: 1.1, 2.0) with exposure groups of <1.4, 1.4 to <8.6, 8.6 to <44.0, and
>44.0 fibers/cc-years, respectively. Larson et al. (2010b) used a Monte Carlo simulation to
estimate the potential bias in cardiovascular disease risk that could have been introduced by
differences in smoking patterns between exposed and unexposed workers in the cohort. The
bias-adjustment factor (RRynagjusted/ RRadjusted = 1.1) reduced the overall RR estimate from 1.6 to
1.5. Because Larson et al. (2010b) analyzed multiple causes of death, the observed association
between exposure and cardiovascular disease-related mortality may reflect, at least in part, a

consequence of an underlying respiratory disease.

4.1.1.4.4. Summary of noncancer risk in Libby, MT vermiculite mining operation workers
The risk of mortality related to asbestosis and other forms of nonmalignant respiratory
disease is elevated in the Libby vermiculite mining and processing operations, with increasing
risk seen with increasing exposure to Libby Amphibole asbestos fibers in studies conducted in
the 1980s (Amandus and Wheeler, 1987; McDonald et al., 1986a) and in the extended follow-up
studies published in more recent years (Larson et al., 2010b; Sullivan, 2007; McDonald et al.,

2004). The analyses using an internal referent group in the larger follow-up studies (Larson et
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al., 2010b; Sullivan, 2007; McDonald et al., 2004)* observed increasing risks with increasing

cumulative exposure exposures when analyzed using tertiles or quartiles, or as a continuous
measure. Increased risks are also seen in the studies reporting analyses using an external referent

group, i.e., standardized mortality ratios (Sullivan, 2007; Amandus and Wheeler, 1987;

McDonald et al., 1986a). Radiographic evidence of small opacities (evidence of parenchymal

damage) and pleural thickening (both discrete and diffuse) has also been shown in studies of
Libby workers (Larson et al., 2010a; Whitehouse, 2004; Amandus et al., 1987b; McDonald et al.,
1986b).

4.1.2. Libby, MT Community Studies

In addition to worker exposures, the operations of the Zonolite Mountain mine are
believed to have resulted in both home exposures and community exposures. Potential pathways
of exposure (discussed below) range from release of airborne fibers into the community,
take-home exposure from mine workers (e.g., clothing), and recreational activities including
gardening and childhood play activities. Due to a potential for a broader community concern,
ATSDR conducted several studies and health actions responding to potential asbestos

contamination in the Libby, MT area.

4.1.2.1. Geographic Mortality Analysis

ATSDR conducted a location-specific analysis of mortality risks and a community health
screening for asbestos in the Libby area (see Table 4-8). The mortality analysis was based on
death certificate data from 1979-1998, with geocoding of current residence at time of death. The
six geographic areas used in the analysis were defined as the Libby city limits (1.1 square miles
around the downtown); the extended boundary of Libby (2.2 square miles around the
downtown); the boundary based on air modeling (16 square miles, based on computer modeling
of asbestos fiber distribution); the medical screening boundary (25 square miles, including the
town of Libby and areas along the Kootenai River); the Libby valley (65 square miles); and
central Lincoln County (314 square miles, based on a 10-mile radius around downtown Libby)
(ATSDR, 2000).

1°See also reanalysis of Sullivan (2007) data by Moolgavar et al. (2010).
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The 1990 population estimates were 2,531, 3,694, 4,300, 6,072, 8,617, and 9,512,
respectively, for these six areas. Age-standardized SMRs were calculated using underlying
cause-of-death information obtained from death certificates issued during the study period for
413 of 419 identified decedents, and Montana and U.S. populations were used as reference
groups. Increased SMRs were observed for both asbestosis and pulmonary circulation diseases
(see Table 4-8). The SMR for lung cancer ranged from 0.9-1.1 and 0.8-1.0 in the analyses for
each of the six geographic boundaries using Montana and U.S. reference rates, respectively. In
addition, four deaths due to mesothelioma were observed during the study period. These
analyses did not distinguish between deaths among workers and deaths among other community

members.

4.1.2.2. Community Screening—Respiratory Health

The ATSDR community health screening was conducted from July—November 2000 and
July—September 2001 with 7,307 total participants (ATSDR, 2001b) (see Table 4-9). Eligibility
was based on residence, work, or other presence in Libby for at least 6 months before 1991. The

total population eligible for screening is not known; the population of Libby, MT in 2000 was
approximately 10,000. In addition to a standardized interview regarding medical history,
symptoms, work history, and other potential exposures, clinical tests included spirometry (forced
expiratory volume in one second [FEV1] and FVC) and chest X-rays (for participants aged

18 years and older). Moderate to severe restriction (defined by the researchers as FVC <70%
predicted value) was observed in 2.2% of the men and 1.6% of women but was not observed in
individuals less than age 18.

Two board-certified radiologists (B readers) examined each radiograph, and a third reader
was used in cases of disagreement. Readers were aware that the radiographs were from
participants in the Libby, MT health screening but were not made aware of exposure histories
and other characteristics (Peipins et al., 2004a; Price, 2004; Peipins et al., 2003). The

radiographs revealed pleural abnormalities in 17.9% of participants, with prevalence increasing
with increasing number of “exposure pathways” (defined on the basis of potential work and
residential exposure to asbestos within Libby and from other sources) (see Table 4-9). Detailed
results of an analysis excluding the former Libby workers cohort were not presented, but the
authors noted that the relationship between number of exposure pathways and increasing
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Table 4-8. Cancer mortality and nonmalignant respiratory disease mortality
in the Libby, MT community

Reference(s)

Inclusion criteria and design details

Results

ATSDR (2000)

1979-1998, underlying cause of death
from death certificates; geocoding of
street locations (residence at time of
death) within six geographic boundaries
(ranging from 2,532 residents in Libby
city limits to 9,521 in central Lincoln
County in 1990). Inquiries to
postmaster were required because of
P.O. Box address for 8% (n = 32);
information on 47 of 91 residents of
elderly care facilities resulted in
reclassification of 16 of 47 (34%) to
nonresidents of Libby.

U.S. Census data corresponding to the
same six geographic boundaries of
Libby, MT.

419 decedents identified, 418 death
certificates obtained, 413 with
geocoding.

Age-standardized SMRs based on
Montana and U.S. comparison rates.
Asbestosis SMRs were somewhat
higher using the U.S. referent group,
but choice of referent group had little
difference on SMRs for most diseases.

Four deaths from mesothelioma
observed in the study area.

Lung cancer (n = 82) SMR (95% CI)
Comparison area (Montana reference rates):

Libby city limits 1.1 (0.8,1.5)
Extended Libby boundary 1.1 (0.8,1.5)
Air modeling 1.0 (0.8,1.4)
Medical screening 0.9 (0.7,1.2)
Libby valley 0.9 (0.7,1.2)
Central Lincoln County 0.9 (0.7,1.1)

Pancreatic cancer (n = 10) SMR (95% CI)
Comparison area (Montana reference rates):

Libby city limits 1.0 (0.5,2.1)
Extended Libby boundary 0.9 (0.4,1.7)
Air modeling 0.7 (0.3,1.4)
Medical screening 0.7 (0.3,1.2)
Libby valley 0.6 (0.3,1.0)
Central Lincoln County 0.5 (0.3,1.0)

Asbestosis (n = 11) SMR (95% ClI)
Comparison area (Montana reference rates):
Libby city limits 40.8 (13.2,95.3)
Extended Libby boundary 47.3 (18.9, 97.5)

Air modeling 443 (19.1,87.2)
Medical screening 40.6 (185, 77.1)
Libby valley 38.7 (19.3,69.2)

Central Lincoln County  36.3 (18.1, 64.9)
Comparison area (U.S. reference rates):

Libby city limits 63.5 (20.5, 148)
Extended Libby boundary 74.9 (30.0, 154)

Air modeling 71.0 (30.6, 140)
Medical screening 66.1 (30.2, 125)
Libby valley 63.7 (31.7,114)

Central Lincoln County 59.8 (29.8, 107)
Pulmonary circulation (n = 14) SMR (95% CI)
Comparison area (Montana reference rates):

Libby city limits 2.3 (1.1,4.9)
Extended Libby boundary 1.9 (0.9,3.7)
Air modeling 1.8 (0.9,3.3)
Medical screening 1.6 (0.8,2.9)
Libby valley 1.6 (0.9,2.7)
Central Lincoln County 1.5 (0.8, 2.5)
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Table 4-9. Pulmonary function and chest radiographic studies in the Libby,
MT community

Reference(s)

Inclusion criteria and design details

Results

Peipins et al.
(2003); ATSDR
(2001b)

Resided, worked, attended school, or participated in other
activities in Libby for at least 6 months before 1991
(including mine employees and contractors).

Health screening between July and November 2000.
Conducted interviews (n = 6,149, 60% of Libby residents
based on 2000 Census data) and chest X-rays (n = 5,590,
18 years and older), and determined spirometry—forced
expiratory volume in 1 second (FEV1), forced vital
capacity (FVC1), and ratio (FEV1/FVC).

19 “exposure pathways” including Libby mining company
work, contractor work, dust exposure at other jobs,
vermiculite exposure at other jobs, potential asbestos
exposure at other jobs or in the military, cohabitation with
Libby mining company worker, and residential and
recreational use of vermiculite. Chest X-rays read by 1980
ILO classifications (3 views; posterior-anterior, right- and
left- anterior oblique). Peipins et al. (2003) similar to
(ATSDR, 2001b) except longer screening period
(July—November 2000 and July—September 2001).
Conducted interviews (n = 7,307) and chest X-rays

(n = 6,668).

Peipins (2003) and ATSDR (2001b):
Pleural abnormalities seen in 17.9%
of participants; increasing prevalence
with increasing number of exposure
pathways (6.7% among those with no
specific pathways, 34.6% among
those with 12 or more pathways).

ATSDR (2001b):
Moderate-to-severe FVCL1 restriction
(FVC <70% predicted): 2.2% of men
>17 years old; 1.6% of women

>17 years old; 0.0% of men or
women <18 years old.

Also includes data on self-reported
lung diseases and symptoms.

Weill et al.
(2011)

Participants in the ATSDR community health screening
(see first row in table). Analysis limited to ages 25 to 90
years, excluding individuals with history of other asbestos-
related work exposures, with spirometry, consensus
reading of chest X-ray, smoking data, and exposure
pathway data (n = 4,397). Analysis based on five
exposure categories: (1) W.R. Grace worker, (2) other
vermiculite worker (contractor work), (3) other dusty
occupation, (4) household (combination of three household
categories), and (5) environmental (“no” to work and
household exposures in Categories 1—6). Chest X-rays
read by 1980 ILO classifications (frontal view).

Profusion DPT/
>1/0 Plaque CAO
Prevalence (%), ages 25 to 40 years:

1) W.R. Grace 0.0 200 5.0
2) Other 0.8 08 0.0
3) Dusty 0.0 38 04
4) Household 0.0 22 00
5) Environment 0.0 04 0.0

Prevalence (%), ages 41 to 50 years:

1) W.R. Grace 0.0 26.2 5.0
2) Other 0.5 78 10
3) Dusty 0.0 28 09
4) Household 0.0 111 04
5) Environment 0.0 19 0.2

Prevalence (%), ages 51 to 60 years:

1) W.R. Grace 3.2 349 3.2
2) Other 0.6 13.7 0.6
3) Dusty 0.6 126 0.0
4) Household 1.0 20.1 15
5) Environment 0.0 77 09

Prevalence (%), ages 61 to 90 years:

1) W.R. Grace 11.1 457 8.6
2) Other 0.6 248 85
3) Dusty 1.1 219 33
4) Household 2.4 383 57
5) Environment 1.3 127 22
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Table 4-9. Pulmonary function and chest radiographic studies in the Libby,
MT community (continued)

Reference(s) Inclusion criteria and design details Results
Vinikoor etal. | Participants in the ATSDR community health screening Little difference across exposure
(2010) (see first row in table). Analysis limited to n = 1,003 ages | levels in prevalence of

1029 years at time of health screening (<age 18 in 1990
when the mining/milling operations closed). Excluded if
worked for W.R. Grace, or for a contractor of W.R. Grace,
exposed to dust at other jobs, or exposed to vermiculite at

physician-diagnosed lung disease or
abnormal spirometry.

Odds Ratio (95% CI) seen between
>3 activities and

Usual cough 2.93(0.93, 9.25)
Shortness of breath 1.32 (0.51, 3.42)
Bloody phlegm 1.49 (0.41, 5.43)

other jobs. Exposure characterized by 6 activities (never,
sometimes, or frequently participated in 1-2 or >3
activities). Analysis of history of respiratory symptoms
and spirometry data (obstructive, restrictive, or mixed).

OR = odds ratio; DPT = diffuse pleural thickening; CAO = costophrenic angle obliteration.

prevalence of pleural abnormalities was somewhat attenuated with this exclusion. The
prevalence of pleural anomalies decreased from approximately 35% to 30% in individuals with
12 or more exposure pathways when these workers were excluded from the analysis. Among
individuals with no definable exposure pathways, the prevalence of pleural anomalies was 6.7%,

which is higher than reported in other population studies (Peipins et al., 2004a; Price, 2004). The

direct comparability between study estimates is difficult to make; the possibility of over- or
underascertainment of findings from the X-rays based on knowledge of conditions in Libby was
not assessed in this study. No information is provided regarding analyses excluding all potential
work-related asbestos exposures.

Weill et al. (2011) used the ATSDR community health screening data to analyze the
prevalence of X-ray abnormalities in relation to age, smoking history, and types of exposures.
From the 6,668 participants with chest X-rays, 1,327 individuals with a history of
asbestos-related work (other than with the Grace mining or related vermiculite operations) were
excluded, along with 817 excluded based on age (<25 or >90 years) or lack of spirometric data,
smoking data, or exposure pathway data. An additional 127 were excluded because a consensus
agreement (2 out of 3 readers) was not reached regarding the X-ray findings, leaving n = 4,397 in
the analysis. Analysis was based on five exposure categories: (1) Grace worker (n = 255),

(2) other vermiculite worker (e.g., secondary contractor worker for Grace or other jobs with
vermiculite exposure (n = 664), (3) other dusty occupation (e.g., plumber, dry wall finisher,
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carpenter, roofer, electrician, welder, shipyard work or ship construction or repair (n = 831),

(4) household, including household with other vermiculite or dusty work (lived with a Grace
worker combination of three household categories) (n = 880), and (5) environmental (“no” to
work and household exposures in Categories 1-4) (n = 1,894). The frontal views (posterior-
anterior) of the chest X-rays were used in this analysis [in contrast to the use of frontal and
oblique views in Peipins et al. (2003)]. As expected, lung function (FEV1, FVC, and FEV1/FVC)
was lower among ever smokers compared with never smokers (within each age group) and
decreased with age (within each smoking category). The prevalence of X-ray abnormalities
(plaques, or diffuse pleural thickening, and/or costophrenic angle obliteration) also generally
increased with age (divided into 25-40, 41-50, 51-60, and 61-90 years) within each of the
exposure categories (see Table 4-9), with the highest prevalence seen among Grace workers. For
a given age, the prevalence among those with environmental exposure only (i.e., no household or
occupational exposures) was similar to the prevalence among those with non-Grace occupational
or household exposures in the next youngest age category. The prevalence among the household
contact category was similar or higher than the prevalence among the other vermiculite and dusty
job categories. This household contact category includes individuals who lived with a Grace
worker with no personal history of vermiculite or dust work (n = 594) and those who also had a
history of other vermiculite (n = 114) or dusty (n = 172) jobs. The authors noted the prevalence
rates were similar among these groups, and so the analysis was based on the combination of
these three groups. Mean FVCs (£SE) percentage predicted were 78.76 (£3.64), 82.16 (£3.34),
95.63 (£0.76), and 103.15 (£0.25), respectively, in those with diffuse pleural thickening and/or
costophrenic angle obliteration, profusion >1/0, other pleural abnormalities, and no pleural
abnormalties. The strongest effects of diffuse pleural thickening and/or costophrenic angle
obliteration on FVC were seen among men who had never smoked (-23.77, p < 0.05), with
smaller effects seen among men who had smoked (-9.77, p < 0.05) and women who had smoked
(-6.73, p < 0.05).

Vinikoor et al. (2010) used the 2000-2001 health screening data to examine respiratory
symptoms and spirometry results among 1,224 adolescents and young adults who were 18 years
or younger in 1990 when the mining/milling operations closed. At the time of the health
screening, the ages in this group ranged from 10 to 29 years. Exclusion criteria for this analysis

included previous work for W.R. Grace, work for a contractor of W.R. Grace, exposure to dust at
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other jobs, or exposure to vermiculite at other jobs. The total number of exclusions was 221,
leaving 1,003 in the analysis. The potential for vermiculite exposure was classified based on
responses to questions about six activities (handling vermiculite insulation, participation in
recreational activities along the vermiculite-contaminated gravel road leading to the mine,
playing at the ball fields near the expansion plant, playing in or around the vermiculite piles,
heating the vermiculite to “pop” it, and other activities involving vermiculite). The medical
history questionnaire included information on three respiratory symptoms: usually have a cough
(n =108, 10.8%); troubled by shortness of breath when walking up a slight hill or when hurrying
on level ground (n = 145, 14.5%); coughed up phlegm that was bloody in the past year
(n =59, 5.9%). A question on history of physician-diagnosed lung disease (n = 51, 5.1%) was
also included. The spirometry results were classified as normal in 896 (90.5%), obstructive in
62 (6.3%), restrictive in 30 (3.0%), and mixed in 2 (0.2%). Information on smoking history was
also collected in the questionnaire: 15.8% and 7.3% were classified as current and former
smokers, respectively. Approximately half of the participants lived with someone who smoked.
The analyses adjusted for age, sex, personal smoking history, and living with a smoker. For
usually having a cough, the odds ratios (ORs) were 1.0 (referent), 1.88 (95% CI: 0.71, 5.00),
2.00 (95% CI: 0.76, 5.28) and 2.93 (95% CI: 0.93, 9.25) for never, sometimes, frequently
participated in 1-2 activities, and frequently participated in >3 activities, respectively. For
shortness of breath, the corresponding ORs across those exposure categories were 1.0 (referent),
1.16 (95% CI: 0.55, 2.44), 1.27 (95% CI: 0.61, 2.63) and 1.32 (95% CI: 0.51, 3.42), and for
presence of bloody phlegm in the past year the ORs were 1.0 (referent), 0.85 (95% ClI: 0.31,
2.38), 1.09 (0.41, 2.98), and 1.49 (95% CI: 0.41, 5.43). For history of physician-diagnosed lung
disease and abnormal spirometry results, there was little difference in the odds ratios across the
exposure categories: for lung disease, the ORs were 1.0 (referent), 1.95 (95% CI: 0.57, 6.71),
1.51 (95% ClI: 0.43, 5.24) and 1.72 (95% CI: 0.36, 8.32) for the categories of never, sometimes,
frequently participated in 1-2 activities, and frequently participated in >3 activities, respectively.
For abnormal spirometry (i.e., obstructive, restrictive, or mixed, n = 94 cases), the ORs were
1.0 (referent), 1.34 (95% ClI: 0.60, 2.96), 1.20 (95% CI: 0.53, 2.70) and 1.33 (95% ClI: 0.42,
4.19) across these exposure groups.

Two other studies examining autoimmune disease and autoantibodies in residents of

Libby, Montana are described in Section 4.3.
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4.1.2.3. Other Reports of Asbestos-Related Disease Among Libby, MT Residents

Whitehouse et al. (2008) recently reviewed 11 cases of mesothelioma diagnosed between
1993 and 2006 in residents in or around Libby, MT (n = 9) and in family members of workers in
the mining operations (n = 2). Three cases were men who might have had occupational asbestos
exposure through construction work (Case 1), working in the U.S. Coast Guard and as a
carpenter (Case 5), or through railroad work involving sealing railcars in Libby (Case 7). One
case was a woman whose father had worked at the mine for 2 years; although the family lived
100 miles east of Libby, her exposure may have come through her work doing the family
laundry, which included laundering her father’s work clothes. The other seven cases
(four women, three men) had lived or worked in Libby for 6-54 years, and had no known
occupational or family-related exposure to asbestos. Medical records were obtained for all
11 patients; pathology reports were obtained for 10 of the 11 patients. The Centers for Disease
Control estimated the death rate from mesothelioma, using 1999 to 2005 data, as approximately

14 per million per year (CDC, 2009), approximately five times higher than the rate estimated by

Whitehouse et al. (2008) for the Libby area population based on the estimated population of
9,500 for Lincoln County and 15 years (or 150,000 person-years) covered by the analysis.
Whitehouse et al. (2008) stated that a W.R. Grace unpublished report of measures taken in 1975
indicated that exposure levels of 1.1 fibers/cc were found in Libby, and 1.5 fibers/cc were found
near the mill and railroad facilities. Because the mining and milling operations continued to
1990, and because of the expected latency period for mesothelioma, Whitehouse et al. (2008)

suggests that additional cases can be expected to occur within this population.

4.1.2.4. Summary of Respiratory Health Effects in Libby, MT Community Studies

The geographic-based mortality analysis of 1997-1998 mortality data indicates that
asbestosis-related mortality is substantially increased in Libby, MT, and the surrounding area,
with rates 40 times higher compared with Montana rates and 60-70 times higher compared with
U.S. rates (ATSDR, 2000). These data provide evidence of the disease burden within the

community; however, because this analysis did not distinguish between deaths among workers
and deaths among other community members, it is not possible based on these data to estimate
the risk of asbestos-related mortality experienced by residents who were not employed at the
mining or milling operations. The community health screening studies provide more detailed
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information regarding exposure pathways in addition to occupation (ATSDR, 2001b). Data from

the ATSDR community health screening study indicate that the prevalence of pleural
abnormalities, identified by radiographic examination, increases substantially with increasing
number of exposure pathways (Peipins et al., 2003). In addition, the prevalence of some

self-reported respiratory symptoms among 10 to 29-year-old adolescents and young adults was
associated with certain exposure pathways. These participants were < age 18 in 1990 when the

mining/milling operations closed (Vinikoor et al., 2010). A better understanding of the

community health effects and the examination of the potential progression of adverse health
effect in this community would benefit from additional research to establish the clinical
significance of these findings. The observation by Whitehouse et al. (2008) of cases of
mesothelioma among individuals with no direct occupational exposure to the mining and milling

operations indicates the need for continued surveillance for this rare cancer.

4.1.3. Marysville, OH Vermiculite Processing Plant Worker Studies

Libby vermiculite was used in the production of numerous commercial products,
including as a potting soil amender and a carrier for pesticides and herbicides. A Marysville, OH
plant that used Libby vermiculite in the production of fertilizer beginning around 1960 to 1980 is
the location of the two related studies described in this section.

The processing facility had eight main departments, employing approximately
530 workers, with 232 employed in production and packaging of the fertilizer and 99 in
maintenance; other divisions included research, the front office, and the polyform plant (Lockey,
1985). Six departments were located at the main facility (trionizing, packaging, warehouse,
plant maintenance, central maintenance, and front offices). Research and development and a
polyform fertilizer plant were located separately, approximately one-quarter mile from the main
facility. In the trionizing section of the plant, the vermiculite ore was received by rail or truck,
unloaded into a hopper, and transported to the expansion furnaces. After expansion, the
vermiculite was blended with other materials (e.g., urea, potash, herbicides), packaged, and
stored. Changes to the expander type and dust-control measures began in 1967, with substantial
improvement in dust control occurring throughout the 1970s.

Information about exposure assessment at the Marysville, OH plant is summarized in the

final row of Table 4-1. Industrial hygiene monitoring at the plant began in 1972. Lockey et al.
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(1984) noted that the limited availability of data that would allow for extrapolation of exposures
for earlier time periods possibly resulted in the underestimation of exposures before 1974."
Task-level air samples were conducted, and measurements were determined using scanning
electron microscopy and transmission electron microscopy (based on particles >5-pum-long,
<3-um-diameter, and >3:1 aspect ratio).

Based on measurements and knowledge of plant operations, three categories of exposure
levels were defined. Group | was considered to be the nonexposed group and consisted of the
chemical processing, research, and front office workers. The chemical process plant was about a
quarter mile from the main vermiculite facility, but the same chemicals were used in both
locations. The 8-hour time-weighted average vermiculite exposure in this group, both before and
after 1974, was estimated as 0.049 fiber/cc (based on a single stationary sample taken outside the
main facility), which was characterized as similar to the background levels in the community.
Group II was the “low exposure” category and included central maintenance, packing, and
warehouse workers. The 8-hour time-weighted average vermiculite exposures in this group were
estimated as approximately 0.1-0.4 fibers/cc before 1974 and 0.03-0.13 fibers/cc in and after
1974. Group III was the “highest exposure” category, and included vermiculite expanders, plant
maintenance, and pilot plant workers. The 8-hour time-weighted average vermiculite exposures
in this group were approximately 1.2-1.5 fibers/cc before 1974 and 0.2-0.375 fibers/cc in and
after 1974. Cumulative fiber exposure indexes, expressed as fibers-year/cc, were derived for
each worker from available industrial hygiene data and individual work histories. Those with
less than 1 fiber/cc-year were assumed to be equivalent to a community population (in terms of
exposure) and were used as the comparison group. The estimated cumulative exposure for the
work force, including Group | workers, ranged from 0.01 to 28.1 fibers/cc-years using an 8-hour
workday and an assumed 365 days of exposure per year.’* Exposure was assumed to occur from
1957 to 1980 in this study. Exposure after work hours was assumed to be zero.

The first study of pulmonary effects in the Ohio plant workers was conducted in 1980

and involved 512 workers (97% of the 530 workers previously identified with past vermiculite

exposure) (Lockey et al., 1984) (see Table 4-10). Physical examination (for detection of

YSubsequent exposure assessment efforts by this team of investigators are described in Appendix F.
18 _ockey et al. (1984) reported the maximum value for this group as 39.9 fibers/cc-years, but this estimate was later
corrected to exclude work from 1947 to 1956, prior to the use of vermiculite at the plant. Information provided in
personal communication from J. Lockey to Robert Benson, U.S. EPA, June 7, 2011.
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Table 4-10. Pulmonary function and chest radiographic studies of the
Marysville, OH vermiculite processing plant workers

Reference(s)

Inclusion criteria and design details

Results

Lockey et al.
(1984); Lockey
(1985)*

1980, n = 512 (from 530 identified employees with

past vermiculite exposure; nonparticipants included

9 refusals and 9 unavailable due to illness or

vacation).

Smoking history, work history at the plant, and

other asbestos and fiber mineral work history data

were collected.

Chest exam (rales), nail clubbing, spirometry,

forced vital capacity, forced expiratory volume,

single-breath carbon monoxide diffusing capacity,

and chest X-rays (available for 502 participants)

were analyzed.

Mean employment duration: 10.2 years®

Three exposure groups, based on jobs and area:
Mean cumulative exposure

Group I 0.45 fibers/cc-years

Group Il 1.13 fibers/cc-years

Group Il 6.16 fibers/cc-years

Cumulative fiber exposure related to
history of pleuritic chest pain and
shortness of breath.

No relation between cumulative
exposure and forced vital capacity,
forced expiratory volume, or diffusing
capacity.

Pleural thickening in 10 workers (2%);
bilateral, small opacities in 1 (0.2%).
Abnormality (combined outcomes)
increased with increasing cumulative
exposure.

Rohs et al. (2008)

2002-2005, interviews and chest X-rays conducted,
n = 298; 280 with interviews and readable chest
X-rays (from 431 workers in the 1980 study group,
of which, 513 were alive in 2004°; 151 living
nonparticipants included 49 refusals, 76 located but
did not respond, 8 not located but presumed alive,
and 18 missing either X-ray or interview).

Age, smoking, ashestos exposure measure (at this
plant), and other asbestos exposure data used to
compare participants and nonparticipants.

Libby, MT vermiculite ore used in the plant from
1963-1980.

Pleural abnormalities in 80 workers
(28.7%).

Small opacities (>1/0) in 8 workers
(2.9%).

Increasing risk of pleural abnormalities
with increasing cumulative fiber
exposure: odds ratios (adjusting for date
of hire, body mass index) by exposure
quartile were 1.0 (referent), 2.7, 3.5, and
6.9.

®Lockey et al. (1984) is the published paper based on the unpublished thesis (Lockey, 1985).
bCalculated based on stratified data presented in Table 2 of Lockey et al. (1984).
°Rohs et al. (2008) identified one additional eligible worker from the original 512 employees identified in Lockey

et al. (1984).

pulmonary rales and nail clubbing), spirometry, and chest-X-rays were performed, and

information pertaining to smoking history, work history at the plant, and other relevant work

exposures was collected using a trained interviewer. Radiographs were read independently by

two board-certified radiologists (B-readers), with a reading by a third reader when the initial

two readings did not agree. The number of workers within each exposure group was 112, 206,

and 194 in Groups I, I, and 111, respectively. Approximately 44% were current smokers,

20% former smokers, and 35% lifetime nonsmokers, but smoking history (i.e., smoking status,
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pack-years) did not differ by exposure group. Mean cumulative fiber estimates were 0.45, 1.13,
and 6.16 fibers/cc-years in Groups I, I, and 111, respectively. An increased risk of costophrenic
angle blunting (n = 11), pleural, and parenchymal abnormalities (n = 11), or any of these
outcomes (n = 22) was observed in Group 1l compared with Group 1; the prevalence of any
radiographic change was 2.8% in Group I, 3.9% in Group Il, and 5.8% in Group Ill. Using the
cumulative fiber metric, the prevalence of any radiographic change was 2.4% in the
<1 fiber/cc-year, 5.0% in 1-10 fibers/cc-year, and 12.5% in the >10 fibers/cc-year groups.

A follow-up study of this cohort was conducted in 2002—-2005 (Rohs et al., 2008) (see

Table 4-10). This study included 298 workers, of which 280 completed the study interview and
chest X-ray. Details of the reasons for nonparticipation rates are described in Table 4-10. The
evaluation of each worker included an interview to determine work and health history,
spirometry, pulmonary examination, and chest X-ray. The study interview included information
about smoking history and asbestos exposure at the Marysville, Ohio plant and other worksites.
Exposure was estimated using the procedure previously described using the data on fiber levels

(Lockey et al., 1984). Exposure was assumed to occur from 1963 to 1980 in this study,

assuming an 8-hour workday and 365 days of exposure per year (J. Lockey, University of
Cincinnati, personal communication to R. Benson, U.S. EPA, July, 2007). Each worker supplied
a detailed work history (start and end date for each area within the facility). The exposure
reconstruction resulted in a cumulative exposure estimate for each individual. The estimated
cumulative exposure for this follow-up study ranged from 0.01 to 19.03 fibers/cc-years
(mean = 2.48). The time from first exposure ranged from 23 to 47 years. Twenty-eight workers
reported previous occupational exposure to asbestos. Exposure outside of work was assumed to
be zero.

Three board-certified radiologists independently classified the radiographs using the ILO

classification system (ILO, 2002). Radiologists were blinded to all identifiers. Pleural

thickening (all sites) was reported as either localized pleural thickening or diffuse pleural
thickening. Diffuse pleural thickening of the chest wall may be reported as in-profile or face-on,
and 1s recorded on the lateral chest wall “only in the presence of and in continuity with, an

obliterated costophrenic angle” (ILO, 2002). Localized pleural thickening may also be viewed

in-profile or face-on and was described by Rohs et al. (2008) as “...(pleural) thickening with or

without calcification, excluding solitary costophrenic angle blunting” consistent with current
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ILO classification. Interstitial abnormalities were considered present if the reader identified

irregular opacities of profusion 1/0 or greater (

ILO, 2002). For the analysis, a chest X-ray was

defined as positive for pleural abnormality and/or interstitial abnormality when the median

classification from the three readings was consistent with such effects. Radiographs classified as

unreadable were not used. Radiographic abnormalities found in the study population are

summarized in Tables 4-11 and 4-12.

Table 4-11. Prevalence of pleural radiographic abnormalities according to
quartiles of cumulative fiber exposure in 280 participants

Number of Number of
workers with BMI- workers with
Exposure, | Number pleural Age-adjusted | adjusted small
Exposure | fiber-yr/cc, of thickening | Crude OR OR OR opacities
quartile | and (mean) | workers (%)° (95% CI) (95% CI) (95% CI) (%)
First 0.01-0.28 70 5(7.1) 1.0 1.0 1.0 0 (0)
(0.12) (referent) (referent) (referent)
Second 0.29-0.85 728 17 (24.6) 4.0 3.2 4.9 0 (0)
(0.56) (1.4-11.6) (1.0-9.7) (1.3-18.2)
Third 0.86—2.20 68° 20° (29.4) 5.4 4.0 7.6 1(1.5)
(1.33) (1.9-15.5) (1.3-12.8) | (2.1-27.5)
Fourth 2.21-19.03 70 38 (54.3) 15.4 10.0 17.0 7 (10)
(7.93) (5.6-43) (3.1-32) (4.8-60.4)
Total (2.48) 280 80 (28.6) 8 (2.9)

*Two observations in the second quartile and two in the third quartile had exact exposure values at the 50" percentile
cutoff point. Rounding put these four observations in the second quartile.

bSignificant trend, p < 0.001.

“Typographical error in publication corrected.

The 80 workers with pleural thickening include 68 with localized pleural thickening (85%) and 12 with diffuse

pleural thickening (15%).

Source: Rohs et al. (2008), Table 3 and Figure 2; mean exposure levels and number of workers with parenchymal
abnormalities by quartile obtained from J. Lockey, University of Cincinnati (personal communication to Robert
Benson, U.S. EPA).
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Table 4-12. Prevalence of pleural thickening in 280 participants according to

various cofactors

Number Number with
of pleural thickening
Variable workers (%) Crude OR 95% ClI p-Value
Hired on or before 1973 186 70 (37.6) 5.07 2.47-10.41 <0.001
Hired after 1973 94 10 (10.6) Reference
Body Mass Index,* kg/m?
<24.9 28 8 (28.6) Reference
25-29.9 101 31 (30.7) 1.11 0.44-2.79 0.52
>30 110 27 (24.5) 0.81 0.32-2.06 0.43
Ever smoked"
Yes 184 55 (29.9) 1.21 0.70-2.11 0.50
No 96 25 (26.04) Reference
Age at time of interview
40-49 55 5(9.1) Reference
50-59 116 28 (24.1) 3.18 1.16-8.76 0.03
>60 109 47 (43.1) 7.58 2.80-20.49 <0.001
Female 16 1(6.3) Reference
Male 264 79 (29.9) 6.40 0.83-49.32 0.07

®n = 239 for Body Mass Index due to 38 persons undergoing phone interview and 3 persons with onsite interviews
who were not measured for height and weight.
*Smoking history as recorded in 2004 questionnaire. Of these 280 participants, 20 persons reported never smoking
in the 1980 questionnaire but subsequently reported a history of smoking in the 2004 questionnaire (either current

or ex-smoker).

Source: Rohs et al. (2008)

Pleural thickening was observed in 80 workers (28.7%), and small opacities (>1/0) were

observed in 8 (2.9%). Six of the 8 participants with small opacities also had pleural thickening

(4 as LPT, 2 as DPT). The prevalence of pleural thickening increased across exposure quartiles

from 7.1% in the first quartile to 24.6%, 29.4%, and 54.3% in the second, third, and

fourth quartiles, respectively (see Table 4-11). The range of exposures was estimated as
0.01-0.28, 0.29-0.85, 0.86—2.20, and 2.21—19.03 fiber/cc-years in the first, second, third, and
fourth quartiles, respectively (Rohs et al., 2008).

Pleural thickening was associated with hire on or before 1973 and age at time of

interview but was not associated with body mass index (BMI) or smoking history (ever smoked)

(see Table 4-12). Body mass index is a potentially important confounder because fat pads can
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sometime be misclassified as localized pleural thickening. A hire date of on or before 1973 and
ages at time of interview are each highly correlated with cumulative exposure to fibers. The
small number of females (n = 16) in the cohort limits the analysis of the association with sex.
Modeling of odds ratios with cumulative fiber exposure and including various cofactors (age,
hired before 1973, or BMI) with the first exposure quartile as the reference was also conducted.
Each model demonstrated the same trend: increased prevalence of pleural thickening with
increasing cumulative exposure to fibers. Adjusting for age, date of hire, and body mass index
resulted in odds ratios of 2.7, 3.5, and 6.9 for the second, third, and fourth quartiles, respectively.
Age-adjusted and BMI-adjusted results were included in Table 4-11. There was no evidence of
significant interactions using this modeling.

There was potential coexposure to a number of herbicides, pesticides, and other
chemicals in the facility (personal communication to Robert Benson, EPA Region 8, from Ivan
Smith, The Scotts Company, June 7, 2007). The herbicides and pesticides used during the time
when Libby ore was used included atrazine, benomyl, bensulide, chloroneb, chlorothalonyl,
chlorpyrifos, 2,4-D, dacthal, diazinon, dicamba, dephenamid, disodium methanearsonate, dyrene,
ethoprop, linuron, MCPP, monuron, neburon, oxadiazon, terrachlor, pentachlorophenol,
phenylmercuric acetate, siduron, terrazole, thiophannate-methyl, thiram. Other chemicals used
included ammonium hydroxide, brilliant green crystals, caustic soda, corncobs, ferrous
ammonium sulfate, ferrous sulfate, florex RVM, frit-504, frit-505, hi sil, lime, magnesium
sulfate, mon-a-mon, potash, potassium sulfate, sudan orange, sudan red, sulfur, sulfuric acid,
UFC, urea, and Victoria green liquid dye. No quantitative information on exposure to these
chemicals is available. However, the addition of the other chemicals to the vermiculite carrier
occurred in a different part of the facility after expansion of the vermiculite ore. Industrial
hygiene monitoring in these areas showed very low levels of fibers in the air. In addition, none
of these other chemicals is volatile. Thus, it is unlikely that workers would be coexposed by
inhalation to these other chemicals. EPA has no information indicating that exposure to any of
these individual chemicals causes pleural thickening or evidence of small opacities typical of
those found in workers employed in the Marysville facility. The spectrum of radiographic
abnormalities observed in the lung and pleura are the same in the Marysville workers, the Libby
workers (see Section 4.1.1.4.2, Table 4-7), and the Libby community survey (including workers)
(see Section 4.1.2.2, Table 4-9).
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This study demonstrates that exposure to Libby Amphibole asbestos can cause
radiographic evidence of pleural thickening and parenchymal abnormalities (small opacities) in
exposed workers. The prevalences of radiographic abnormalities involving the pleura were
28.7% in 2004 (80/280), compared to a 2% prevalence observed in 1984 (10/501). This apparent
increase in prevalence is most likely due to the additional time between the two studies giving
additional time for the abnormalities to become apparent in conventional X-rays. The follow-up
study also shows an increasing prevalence of pleural thickening with increasing cumulative
exposure to Libby Amphibole asbestos.

The influence of some potential sources of selection bias in Rohs et al. (2008) is difficult
to qualitatively or quantitatively assess. One type of selection is the loss due to the death of
84 of the 513 (16%) workers in the first study; this group may represent less healthy or more
susceptible population. Exclusion of the very sick or susceptible may imply that the population
of eligible participants was somewhat healthier that the whole population of workers; this
exclusion may result in an underestimation of risk. Another type of selection is the loss due to
nonparticipation among the 431 individuals identified as alive in 2004 (n = 135 refusals and
nonresponders; 31%). Participation rates in epidemiologic studies can be associated with better
health status, and participation is often higher among nonsmokers compared with smokers. This
type of selection of a relatively healthier group (among the living) could also result in an
underascertainment of the risk of observed abnormalities within the whole exposed population.
However, if participation was related differentially based on exposure and outcome (i.e., if
workers experiencing pulmonary effects and who were more highly exposed were more likely to
participate than the highly exposed workers who were not experiencing pulmonary effects), the
result would be to overestimate the exposure response. This latter scenario is less likely to occur
for asymptomatic effects (i.e., abnormalities detected by chest X-ray), such as those that are the
focus of this study than for symptoms such as shortness of breath or chest pain.

Some information is available on differences by participation status in the Rohs et al.
(2008) study. Although current age was similar (mean: 59.1 and 59.4 years, respectively, in
participants and living nonparticipant groups, p = 0.53), participants were more likely to have
been hired before or during 1973 (66.4 and 49.7%, respectively, p = 0.001), and had higher mean
exposure levels (mean cumulative exposure: 2.48 and 1.76 fiber/cc-years, respectively, p = 0.06).

Participants were also somewhat less likely to be ever smokers (58.6%) compared with the living
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nonparticipants (66.2%). Using a conservative assumption that all living nonparticipants would
have had normal X-rays, resulted in estimated prevalences of pleural abnormalities of 3.7, 13.9,
18.5, and 38.3%, respectively, in the lowest-to-highest exposure quartile, with corresponding
odds ratios of 1.0 (referent), 4.19 (95% CI: 1.34, 13.08), 5.91 (95% CI:1.95, 17.93), and 16.15
(95% CI: 5.53, 47.17). This pattern is similar to that observed in the analysis that excludes the
living nonparticipants, indicating the observed trend with exposure was not an artifact of a bias

introduced by differences in participation rates among the workers.

4.1.3.1. Summary of Marysville, OH Vermiculite Processing Plant Worker Studies
The studies conducted in the 1980s (Lockey et al., 1984) and the follow-up of the cohort

(Rohs et al., 2008) indicate that pleural thickening can be seen among workers in this plant, with

increasing prevalence with increasing cumulative exposure. Radiographic evidence of small
opacities (interstitial changes in the lung) increased from 0.2% in the original study to 2.9% and
radiographic evidence of pleural thickening increased from 2 to 28.6% of participants in the
follow-up study. No effects on lung function were found in the original study (Lockey et al.,
1984). Lung function was not reported for the cohort follow-up, despite greater prevalence of

radiographic abnormalities (Rohs et al., 2008).

4.1.4. Community Studies from Other Vermiculite Processing Plants

ATSDR has completed community evaluations of 28 sites, in addition to Libby,
surrounding exfoliation plants that require further evaluation by EPA because of current
contamination or evidence (based on a database of invoices) that the plant processed more than
100,000 tons of vermiculite from the Libby, MT mine (see Figure 4-1). Nine of these
evaluations included analyses conducted in conjunction with state health departments using
death certificate data (see Table 4-13). These community-level evaluations do not address
individual exposures or residential histories; therefore, the evidence in these evaluations

pertaining to disease risk is somewhat limited.
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Figure 4-1. Location of 28 sites included in the Phase 1 community

Legend

Phase 1 Sites: @
Libby, MT:

evaluations conducted by ATSDR.

Source: ATSDR (2008a) http://wwwe.atsdr.cdc.gov/asbestos/sites/national_map/.

Table 4-13. Description of study areas in ATSDR health consultations

evaluating cancer incidence and mortality®

Site, exposure period

Study area (n from 1990 census)

Year of report

Los Angeles, CA, 1950-1977 Incidence: census tract (n = 21,945) 2007
Mortality: zip code (n = 57,615)

Newark, CA, 1967-1992 Incidence: census tract (n = 7,785) 2005
Mortality: zip code (n = 37,861)

Santa Ana, CA, 1972-1993 Census tract (35,000) 2003

West Chicago, IL, 1974—1996 Mortality: zip code (n = 14,796) 2003

Dearborn, M1, early 1950s—1989 City limits (n = 89,015) 2005

St. Louis, Missouri, 1956—1988 Census tracts (n = 20,112) 2006

Trenton, NJ, 1920s—1990 Census tracts and areas (n = 26,762) 2005

Edgewater, NJ, not reported Not reported 2005

Marysville, OH, 1963—1980° City limits (n = 9,656) 2005

®All incidence studies used Surveillance, Epidemiology, and End Results (SEER) data as comparison group except
New Jersey, which used New Jersey state rates. All mortality studies used U.S. rates from the National Center for

Health Statistics.

®The ATSDR health consultation data presented incidence data from 1979-2000, but the 1986—1995 incidence data
and the mortality data were obtained from the report of the New Jersey Department of Health and Social Services
http://www.atsdr.cdc.gov/ashestos/sites/health_consultations/index.html.

“The start date for the use of the Libby, MT vermiculite was given as variously described as 1963 or 1967 in the
ATSDR health consultation report (ATSDR, 2008b); the studies by Lockey et al. (1984) and Rohs et al. (2008)
used 1957 and 1963, respectively, as the start date.
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The lung cancer standardized incidence ratios for these evaluations range from
0.74-1.07, and the SMRs range from 0.74—1.1, indicating little evidence of an increased risk of
lung cancer among these studies (see Table 4-14). As expected from the small number of
observations, the standardized incidence ratios for mesothelioma or the category of cancer of the
peritoneum, retroperitoneum, and pleura (excluding mesothelioma, but which could reflect some
misdiagnoses) are more variable, ranging from approximately 0.5—2.5. Breast and prostate
cancer were selected as negative controls (i.e., cancers that have not previously been associated
with asbestos exposure) in these evaluations. For breast cancer, the standard incidence ratios
(SIRs) ranged from 0.73 to 1.25, and for prostate cancer, the SIRs ranged from 0.58 to 1.11,
similar to the variability seen among the estimates for lung cancer. In summary, these studies do
not provide evidence of an increased risk of lung cancer in the communities surrounding plants
that processed vermiculite contaminated with Libby Amphibole asbestos; the small numbers of
mesothelioma cases and potential contribution of other asbestos-related sites in some areas make
it very difficult to interpret these data. A major limitation of these studies is the lack of
information on exposure. Selection of the study population is based on geographic area, with no
site-specific or individual-level assessment of relevant exposure pathways. Thus, the extent to
which community members were exposed around these facilities is unknown. The use of this
type of broad exposure characterization would be expected to result in considerable exposure
misclassification. As a result, more refined study designs are needed to evaluate risk to
individuals potentially exposed to Libby Amphibole asbestos in their community due to

operations at the expansion plants.

4.1.4.1. Summary of Community Studies from Other Vermiculite Processing Plants

The community-based mortality studies around the 28 exfoliation plants that processed
vermiculite contaminated with Libby Amphibole asbestos provide little evidence of an increased
risk of asbestos-related cancers in the surrounding communities. These studies are quite limited,
however, by the broad exposure classification and the inability to limit the analysis to individuals
who had resided in the specific areas during the relevant exposure periods. Additional studies
would be needed to more fully examine the potential risks associated with residential exposures

from these sources.
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Table 4-14. Incidence and mortality results for potential asbestos-related
cancers (by cancer site) in communities in the vicinity of
vermiculite-processing facilities (with ATSDR health consultations

evaluating potential pathways of exposure)

Incidence? Mortality”

Study area* Observed | Expected® | SIR | (95% CI) | Observed | Expected®| SMR | (95% ClI)
Lung and bronchus
Los Angeles, CA® |100 117.4 0.85 [(0.69,1.04) (210 285.0 0.74 (0.64,0.84)
Newark, CA® 29 27.2 1.07 |[(0.71,1.53) |125 124.3 1.01 (0.84,1.2)
Santa Ana, CA® 79 95.4 0.83 |(0.66,1.03) |- - - -
West Chicago, IL |- - - - 95 98.6 0.96 (0.78, 1.18)
Dearborn, Ml 757 764.4 0.99 [(0.92,1.06) [1,133 1,261.3 0.90 (0.85, 0.95)
St. Louis, MO - - - - 319 286.6 1.1 (1.0,1.2)
Trenton, NJ 496 671.0 0.74 |(0.68,0.81) |976 1,100.3 0.89 (0.83,0.94)
Edgewater, NJ 35 30.7 1.14 |(0.80,1.59) |51 50 1.02 (0.76, 1.34)
Marysville, OH - - - - 106 98.1 1.1 0.9,1.3)
Mesothelioma
Los Angeles, CA" |1 19 0.53 |(0.01,2.96) |- - - -
Newark, CA® 1 0.4 2.49 ((0.03,13.9) |- - - -
Santa Ana, CA” |4 15 2.68 ((0.72,6.87) |- - - -
West Chicago, IL |- - - - - - - -
Dearborn, Ml 8 12.3 0.65 [(0.28,1.28) |- - - -
St. Louis, MO - - - - - - - -
Trenton, NJ 6 10.6 0.57 [(0.21,1.24) |- - - -
Edgewater, NJ 1 0.5 2.11 ((0.03,11.7) |- - - -
Marysville, OH - - - - - - - -
Peritoneum, retroperitoneum, and pleura
Excluding mesothelioma Including mesothelioma
Los Angeles, CA" |1 3.1 0.32 ((0.00,1.78) |0 2.1 0.0 —
Newark, CA 3 0.7 4,06 [(0.82,11.9) |0 0.9 0.0 (0, 4.10)
Santa Ana, CA” |6 2.7 2.24 ((0.82,4.87) |- - - -
West Chicago, IL |- - - - 1 0.8 1.28 (0.02, 7.12)
Dearborn, Ml 16 19.1 0.84 ((0.48,1.36) |9 9.6 0.93 (0.43,1.77)
St. Louis, MO - - - - 3 2.3 1.3 (0.3,3.8)
Trenton, NJ 10 16.7 0.60 [(0.29,1.10) |18 8.3 2.17 (1.29, 3.43)
Edgewater, NJ 1 0.8 1.28 |(0.02,7.13) |0 0.2 0.0 -
Marysville, OH - - - - 0.8 0.0 -
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Table 4-14. Incidence and mortality results for potential asbestos related
cancers (by cancer site) in communities in the vicinity of vermiculite
processing facilities (with ATSDR health consultations evaluating potential
pathways of exposure) (continued)

®All incidence studies used Surveillance, Epidemiology, and End Results (SEER) data as the comparison group
except New Jersey, which used New Jersey state rates; incidence period in all analyses was 1986-1995. An
additional analysis compared the Hamilton, NJ mesothelioma rates to SEER rates; standard incidence ratio (SIR)
was reported to be “increased slightly but remained under 1.0.” Incidence data, ICD-10 (International
Classification of Diseases) codes: lung and bronchus, C340:C349; mesothelioma, M-9050:9053; peritoneum,
retroperitoneum, and pleura, C480:C488, C384; respiratory system and intrathoracic organs, C320:C399-excluding
mesothelioma; selective digestive organs, C150:C218, C260-C269-excluding mesothelioma.

All mortality studies used U.S. rates from the National Center for Health Statistics. Mortality period was
1989-1998 in the Los Angeles and Newark, CA analyses and was 1979-1998 in all analyses. Mortality data,
ICD-9 codes: lung and bronchus, 162.2-162.9; peritoneum, retroperitoneum, and pleura, 158, 163; respiratory
system and intrathoracic organs, 161-165; selective digestive organs, 150-154, 159.

“Expected values have been rounded.

dSimilar results were observed in the CA analyses using alternative methods to calculate standardized risk ratios for
incidence and mortality.

CIl = confidence interval.

Source: Site-specific health consultations at
http://www.atsdr.cdc.gov/asbestos/sites/health_consultations/index.html.

4.1.5. Case Reports
Progressive disease from exposure to Libby Amphibole was noted in a case report of fatal
asbestosis in an individual who died 50 years after working at a vermiculite processing plant for

a few months at about age 17 (Wright et al., 2002). In another case report, exposures that

stemmed from playing for a few years as a child in contaminated vermiculite waste materials
around a former Libby vermiculite processing facility was reportedly associated with the

development of asbestosis and fatal lung cancer (Srebro and Roggli, 1994).

4.2. SUBCHRONIC AND CHRONIC STUDIES AND CANCER BIOASSAYS IN
ANIMALS—ORAL, INHALATION AND OTHER ROUTES OF EXPOSURE

Laboratory animal studies with exposure to Libby Amphibole or tremolite asbestos show
effects similar to those observed in occupationally exposed human populations including pleural
pathology, mesothelioma, and lung cancer. Tremolite is an amphibole asbestos fiber that is a
component of Libby Amphibole asbestos (~6%). Also, in early studies Libby Amphibole
asbestos was defined as tremolite. Therefore, laboratory animal studies examining the effect of

tremolite exposure have been reviewed and are summarized below to potentially increase
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understanding of the effects and mechanisms of Libby Amphibole asbestos. Detailed study
summaries can be found in Appendix D and summarized in Tables 4-15 and 4-16. No inhalation
studies have been performed for Libby Amphibole asbestos, but chronic intrapleural injection
studies in hamsters demonstrate carcinogenicity following exposure. The chronic inhalation and
intrapleural injection laboratory animal studies with tremolite asbestos demonstrated pleural
pathology and carcinogenicity in rats. These studies support the epidemiology studies of Libby
Amphibole asbestos exposure (see Section 4.1), and aid in informing the mechanisms of Libby
Amphibole asbestos-induced disease.

4.2.1. Oral

No studies in laboratory animals with oral exposure to Libby Amphibole were found in
the literature. However, one chronic cancer bioassay was performed following oral exposure to
tremolite. McConnell et al. (1983b) describe part of a National Toxicology Program study

(NTP, 1990b) performed to evaluate the toxicity and carcinogenicity of ingestion of several

minerals, including tremolite. The tremolite (Governeur Talc Co, Governeur, New York) used
was not fibrous. No significant tumor induction was observed in the animals with oral exposure
to tremolite animals. Although nonneoplastic lesions were observed in many of the aging rats,
these were mostly in the stomach and occurred in both controls and exposed animals. The
observed lesions included chronic inflammation, ulceration, and necrosis of the stomach
(McConnell et al., 1983b). McConnell et al. (1983b) suggested that nonfibrous tremolite could

account for the lack of toxicity following exposure in this group of animals. Also, oral studies of

asbestos, in general, show decreased toxicity and carcinogenicity as compared to inhalation and

implantation/injection studies (Condie, 1983).

4.2.2. Inhalation

There are no laboratory animal studies following inhalation exposure to Libby
Amphibole asbestos; however two studies have examined the effect of inhalation exposure to
tremolite in Wistar rats (Bernstein et al., 2005; Bernstein et al., 2003; Davis et al., 1985). Davis

et al. (1985) performed a chronic inhalation study examining response in male Wistar rats
exposed in a chamber to 10 mg/m?® (~1,600 fibers/mL, >5 pm) of commercially mined tremolite
over a 12-month period. Bernstein et al. (2005; 2003) exposed Wistar rats to tremolite
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Table 4-15. In vivo data following exposure to Libby Amphibole asbestos

Species (sex)

Exposure route

Fiber type

Effects?

Reference

LVG:LAK
Hamsters (M)
(n ~ 60/group)

Intraperitoneal
injection (once)

25 mg/0.5 mL 0.9%
NaCl solution

Tremolite (Sample 60) and
tremolite + vermiculite
(Sample 63)

Pleural adhesions (fibrosis): examined 10
animals/group at ~3 mo post exposure:
Sample 60: 10/10; Sample 63: 10/10; Control:
0/10

Mesothelioma:
Sample 60: 5/66; Sample 63: 5/64; Control: 0/60

Smith (1978) (W.R. Grace
study)

C57BI/6 mice
(M, F)
(n = 7/group)

Intratracheal instillation

(once)
1wk, 1 mo, 3 mo

100 pg of sample in 30

pL saline

Libby Amphibole asbestos
(Six Mix) and crocidolite

Altered gene expression in mice exposed to both
samples; increase in collagen in exposed animals

Putnam et al. (2008)

C57Bl/6 mice
(M, F)
(n = 7/group)

Intratracheal instillation

(once)
1wk, 1 mo, 3 mo

100 pg of sample in 30

pL saline

Libby Amphibole asbestos
(Six Mix) and crocidolite

Collagen gene expression and protein levels
increased following exposure to both forms of
asbestos (~1 mo post exposure).

Smartt et al. (2010)

Wistar Kyoto rats

(M)
(n = 12/group)

Spontaneously
Hypertensive (SH)
(n = 6/group)

SH Heart Failure
(SHHF)
(n = 6/group)

Intratracheal instillation

(once)
1d,1wk, 1 mo

0.25 or 1.0 mg/rat

Libby Amphibole asbestos
(Six Mix)

Strain-related differences observed in biomarkers
of inflammation following exposure to Libby
Amphibole asbestos.

No differences were observed in histopathology.

Shannahan et al. (2011a)
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Table 4-15. In vivo data following exposure to Libby Amphibole asbestos (continued)

Species (sex)

Exposure route

Fiber type

Effects®

Reference

Spontaneously
Hypertensive (SH)
(M)

(n = 8/group)

Intratracheal instillation
(once)
4h,1d

1.0 mg deferoxamine
(DEF);

21 pg FeCls; 0.5 mg
LA, 0.5 mg FeLA,; 0.5
mg LA + 1 mg DEF in
300 pL saline

Libby Amphibole asbestos

(Six Mix)

Statistically significant increases in neutrophils
was observed in BALF in animals exposed to LA,
FeLA and LA + DEF with the greatest increase
observed in the LA+DEF animals.

Shannahan et al. (2011b)

Fisher 344 rats (M)
(n = 8/group)

Intratracheal instillation
(once)
1d,3d,7d,2wk,

3 mo

0.65 or 6.5 mg/rat LA;
0.65 mg amosite in
250 uL saline

Libby Amphibole asbestos

(Six Mix)

Amosite

Statistically significant increases in inflammatory
markers were observed following exposure to LA
and amosite, including increased neutrophils and
inflammatory gene expression, with the greatest
increase in amosite-exposed rats.

Padilla-Carlin et al.
(2011)

®When available, results are shown as number of animals with tumors/total number of animals examined.
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Table 4-16. In vivo data following exposure to tremolite asbestos

Species (sex)

Exposure route

Fiber type

Effects®

Reference

F344 rats (M, F)
(n=100to
250/group)

Oral

1% bw in feed pellets;
lifetime exposure
starting in dam

Tremolite-nonfibrous
(Governeur Talc Co.,
Governeur, NY)

Offspring from exposed mothers were smaller at
weaning and throughout life;

No toxicity or increase in neoplasia in tremolite
rats as compared to controls.

McConnell et al. (1983b)

Wistar rats (M)
(n=48)

Inhalation

10 mg/m?® (7 h each
day, 5 days per week,
total of 224 days)

South Korean tremolite and
brucite

Increased fibrosis (19/39) and carcinogenesis
(18/39).

Davis et al. (1985)

AF/Han rats
(n=33-36/group)

Intraperitoneal injection

10 mg/2 mL PBS;
single exposure

Tremolite (Six samples)

All six fibers could induce mesothelioma:
California: 36/36°

Swansea: 35/36°

Korea: 32/36°

Italy: 24/36

Carr Brae: 4/33

Shininess: 2/36

Davis et al. (1991)

Hamsters
(n < 35/group)

Intrapleural injection

10 or 25 mg

Four types of tremolite
(Sample FD-14; 275; 31; 72)

Sample FD-14: 0/35

Sample 275: 0/34 (10 mg); 0/31 (25 mg) Samples
31: 3/41 (10 mg); 12/28 (25 mg)

Sample 72: 4/13 (10 mg); 13/20 (25 mg)

Smith et al. (1979)

Sprague-Dawley
and Wistar rats

(n = 32 Wistar rats
(Sample A); 48
Sprague-Dawley
rats [Samples B
and CJ)

Intrapleural injection

20 mg/rat

Tremolite (Three samples)

No tumors following exposure to Samples A and
B;
Sample C: 14/47

Wagner et al. (1982)
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Table 4-16. In vivo data following exposure to tremolite asbestos (continued)

Species (sex)

Exposure route

Fiber type

Effects®

Reference

Osborne-Mendel
rats
(n = 28/group)

Hardened gelatin
technique

40 mg

Tremolite (Two samples)

Sample 1: 21/28 pleural sarcomas
Sample 2: 22/28 pleural sarcomas

Stanton et al. (1981)

Wistar rats (F)
(n = 40/group)

Intraperitoneal injection

1x3.3and 1 x 15 mg,
lifetime observation

Tremolite

Limited details in text. Increase in mesothelioma
following exposure to tremolite: 3.3 mg sample:
9/29; 15 mg sample: 30/37

Roller et al. (1997, 1996)

Wistar rats (M)
(n=56)

Inhalation (flow-past
nose only)

100 fibers/cm?® longer
than 20 um, 5 days,
follow-up 1 year later

Tremolite

Tremolite had a pronounced inflammatory
response with rapid granuloma development (1 day
post exposure);

Slight interstitial fibrosis observed at 90 and 180
days postexposure.

Bernstein et al. (2005;
2003)

C57BI/6 mice (F)
(n = 10/group)

Intratracheal instillation

Two doses of 60 ug
each given 1 week apart
in the first and second
week of a 7-month
experiment

Tremolite and wollastonite

Tremolite-exposed mice demonstrated increased
IgG immune complex deposition in the kidneys,
increased size of local lymph nodes, and increased
total cell count.

Pfau et al. (2008)

®When available, results are shown as number of animals with tumors/total number of animals examined.
®Asbestiform types led to mesothelioma in most if not all exposed animals in this study.
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(100 fibers/cm®) and chrysotile for 13 consecutive weeks (6 hours per day, 5 days per week) with
1-year follow-up. The results of these inhalation studies produced pronounced inflammation and
very high levels of pulmonary fibrosis. Davis et al (1985) also demonstrated an increase in
carcinomas and mesotheliomas following exposure to tremolite, with no pulmonary tumors
observed in the controls. These results show that Wistar rats exposed to tremolite exhibited

increased numbers of pulmonary lesions and possibly tumors.

4.2.3. Intratracheal Instillation Studies

Intratracheal instillation has been used to examine the effect of exposure to Libby
Amphibole (Padilla-Carlin et al., 2011; Shannahan et al., 2011a; Shannahan et al., 2011b; Smartt
et al., 2010; Putnam et al., 2008) and tremolite asbestos (Blake et al., 2008; Pfau et al., 2008;
Sahu et al., 1975). These studies exposed C57BI/6 mice (100 pg/mouse), Wistar Kyoto (WKY)
rats (0.25 or 1 mg/rat) or Fisher 344 rats (0.65 or 6.5 mg/rat) once to Libby Amphibole asbestos

and analyzed the results up to 3 month postexposure. Putnam et al. (2008) observed nonsta-
tistically significant increases in collagen following exposure to Libby Amphibole asbestos, as
well as gene expression alterations related to membrane transport, signal transduction, epidermal
growth factor signaling, and calcium regulation. Smartt et al. (2010) followed up this study by
analyzing specific genes by quantitative RT-PCR for genes involved in collagen accumulation
and scar formation (Col1A1, Col1A2, Col3A1). Libby Amphibole asbestos exposure led to
increased gene expression of Col1A2 at 1 week postinstillation and Col3A1l at 1 month post
exposure. Both studies observed increased inflammation, however, Libby Amphibole asbestos
exposure demonstrated minimal inflammation that did not progress in the time points examined.
These studies demonstrate that exposure to Libby Amphibole asbestos may lead to inflammation
and fibrosis. Shannahan et al. (2011a) exposed two rat models of human cardiovascular disease
to Libby Amphibole asbestos to determine if the preexisting cardiovascular disease in these
models would impact the lung injury and inflammation following exposure. Healthy WKY rats
were compared to spontaneously hypertensive (SH) and spontaneously hypertensive heart failure
rats following exposure. All rats (male only) were exposed to 0, 0.25, or 1.0 mg/rat via
intratracheal instillation and were examined at 1 day, 1 week and 1 month postexposure. No
changes were observed histopathologically, however, changes were observed in markers of

homeostasis, inflammation and oxidative stress. While inflammation and cell injury were
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observed in all strains, no strain-related differences were observed following exposure to Libby

Amphibole asbestos (Shannahan et al., 2011a). In a follow-up study to further examine the role

of iron in the inflammatory response to Libby Amphibole asbestos exposure, Shannahan et al.
(2011b) exposed SH rats to Libby Amphibole asbestos alone and with bound Fe as well as with
an iron chelator (deferoxamine, DEF). Exposure to Libby Amphibole asbestos led to statistically
significant increases in inflammatory markers (e.g., neutrophils, IL-8) with the greatest increase
occurring in the presence of DEF. Iron bound to Libby Amphibole asbestos was not released
following instillation except in the presence of DEF as supported by the lack of increase in
BALF iron. These results suggest that chelation of iron bound to Libby Amphibole asbestos as
well as endogenous proteins increases the toxicity of Libby Amphibole asbestos in vivo.

Padilla-Carlin et al. (2011) exposed Fisher 344 rats (male only) to Libby Amphibole
asbestos (0.65 or 6.5 mg/rat) or amosite (0.65 mg/rat; positive control) by intratracheal
instillation to examine inflammatory response for 3 months post-exposure. Libby Amphibole
asbestos exposure led to statistically significant increases of neutrophils in BALF as early 1 day
post-exposure, with other inflammatory markers (e.g., protein, LDH, GGT) increased statistically
significantly at different timepoints during the 3 month period post-exposure. However, on a
mass basis, amosite produced a greater inflammatory response as measured by inflammatory
markers (e.g., neutrophil influx, gene expression changes) and histopathological analysis
demonstrating interstitial fibrosis. These studies demonstrate a statistically significant increase
in inflammatory response to Libby Amphibole asbestos in mice and rats as measured in BALF
by cytology, histopathology and gene expression analysis. Follow-up studies are needed to
inform the chronic effects of exposure to Libby Amphibole asbestos.

Laboratory animal studies of tremolite intratracheal instillation exposure have been
performed in mice in doses ranging from 60 pg to 5 mg. Male Swiss albino mice exposed to

tremolite (5 mg) via intratracheal instillation demonstrated histological changes (Sahu et al.

1975). Microscopic results following exposure to tremolite showed acute inflammation of the
lungs at 7 days post exposure, including macrophage proliferation and phagocytosis similar to
that observed with amosite and anthophyllite. Limited progression of fibrotic response was
observed at 60 and 90 days post exposure, with no further progression of fibrotic response.
Blake et al. (2008) and Pfau et al. (2008) examined the role of asbestos in autoimmunity. Blake

et al. (2008) performed in vitro assays with Libby Amphibole asbestos (see Section 4.4), and
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both studies performed the in vivo assays with tremolite. C57BL/6 mice were instilled
intratracheally for a total of two doses each of 60-pg saline and wollastonite or Korean tremolite
sonicated in sterile phosphate buffer saline (PBS,) given 1 week apart in the first 2 weeks of a
7-month experiment. Sera from mice exposed to tremolite showed antibody binding colocalized
with SSA/R052 on the surface of apoptotic blebs (Blake et al., 2008). In Pfau et al. (2008), by

26 weeks, the tremolite-exposed animals had a significantly higher frequency of positive

antinuclear antibody tests compared to wollastinate and saline. Most of the tests were positive
for dSDNA and SSA/R052. Serum isotyping showed no major changes in immunoglobulin
subclasses (IgG, IgA, IgM), but serum IgG in tremolite-exposed mice decreased overall.

Further, IgG immune complex deposition in the kidneys increased, with abnormalities suggestive
of glomerulonephritis. No increased proteinuria was observed during the course of the study.
Local immunologic response was further studied on the cervical lymph nodes. Although total
cell numbers and lymph-node size were significantly increased following exposure to tremolite,

percentages of T- and B-cells did not significantly change.

4.2.4. Injection/Implantation Studies

There are no laboratory animal studies examining intraperitoneal injection or
implantation of Libby Amphibole asbestos. Biological effects following exposure to tremolite
have been examined in five intraperitoneal injection studies (Roller et al., 1997, 1996; Davis et
al., 1991; Wagner et al., 1982; Smith et al., 1979; Smith, 1978) and one implantation study
(Stanton et al., 1981).

Studies by Smith and colleagues (Smith et al., 1979; 1978), Wagner et al. (1982), Davis
et al. (1991) and Roller et al. (1997, 1996) demonstrated that intrapleural injections of tremolite

asbestos™ is associated with an increase in pleural fibrosis and mesothelioma in hamsters and
rats compared to controls or animals injected with less fibrous materials. Doses ranged from
10—25 mg/animal for each study, and although carcinogenesis was observed in these studies
there was a variable level of response to the different tremolite forms examined. Although these
studies clearly show the carcinogenic potential of Libby Amphibole or tremolite asbestos fibers,
intrapleural injections bypass the clearance and dissolution of fibers from the lung after

19 Smith (1978) used tremolite from Libby, MT; Smith et al. (1979) may also have used tremolite from Libby, MT
(i.e., Libby Amphibole asbestos).
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inhalation exposures. Further, limited information was provided confirming the presence or
absence of particles or fibers less than 5 um in length in these studies, limiting the interpretation
of results.

There is one laboratory animal study that examined the effect of tremolite exposure
following implantation of fibers in the pleural cavity. Stanton et al. (1981) also examined
tremolite and describe a series of studies on various forms of asbestos. Fibers, embedded in
hardened gelatin, were placed against the lung pleura. As an intrapleural exposure, results might
not be comparable to inhalation exposures, as the dynamics of fiber deposition and pulmonary
clearance mechanisms are not accounted for in the study design. Studies using two tremolite
asbestos samples from the same lot were described as being in the optimal size range for
carcinogenesis; the fibers were distinctly smaller in diameter than the tremolite fibers Smith et al.
(1979) used. These samples both had a high number of fibers in the size range (>8-um long and
<0.25-pum diameter; i.e., “Stanton fibers”). Exposure to both tremolite samples led to
mesotheliomas in 21 and 22 of 28 rats exposed. The Stanton et al. (1981) study also used talc
that did not lead to mesothelioma production.

There are no studies currently available in laboratory animals exposed to Libby
Amphibole asbestos by inhalation. However, the chronic intraperitoneal injection study in

hamsters (Smith et al., 1979; Smith, 1978) demonstrated tumor formation following exposure to

tremolite obtained from the Libby, MT mine. No other chronic studies of Libby Amphibole
asbestos are available. A recent study in rats examining the impact of preexisting cardiovascular
disease on pulmonary inflammation demonstrated an increase in inflammatory markers
following exposure to Libby Amphibole asbestos via intratracheal instillation in SH rats as

compared to normal healthy controls exposed to the same dose (Shannahan et al., 2011b). More

recent studies examined gene expression changes (Hillegass et al., 2010; Putnam et al., 2008)

and early protein markers of fibrosis (Smartt et al., 2010) in mice exposed to Libby Amphibole

asbestos via intraperitoneal injection. These studies demonstrated an increase in gene and
protein expression related to fibrosis following exposure to Libby Amphibole asbestos.
Tremolite fibers, although obtained from different locations throughout the world, consistently
led to pulmonary lesions and/or tumor formation with various routes of exposure (inhalation,
injection, instillation) and in multiple species (rats, hamsters, and mice) (Bernstein et al., 2005;
Bernstein et al., 2003; Roller et al., 1997, 1996; Dauvis et al., 1985; Wagner et al., 1982; Stanton
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etal., 1981). Although comparing potency of the various forms of tremolite is difficult given the

limited information on fiber characteristics and study limitations (e.g., length of follow-up
postexposure), these results show potential increased risk for cancer (lung and mesothelioma)
following exposure to tremolite asbestos.

The results of the studies described above show the fibrogenic and carcinogenic potential
of Libby Amphibole and tremolite asbestos. Further, the more recent studies by Blake et al.
(2008) and Pfau et al. (2008) support human studies demonstrating potential autoimmune effects
of asbestos exposure (see Section 4.3.1).

4.2.5. Summary of Animal Studies for Libby Amphibole and Tremolite Asbestos

Tables 4-15 and 4-16 summarize the studies described in this section, with full study
details available in Appendix D. Limited in vivo studies have been performed exposing
laboratory animals to Libby Amphibole asbestos. One intrapleural injection study using
tremolite from the Libby, MT area is included in this section under Libby Amphibole asbestos
since earlier terminology for Libby Amphibole asbestos was often tremolite (Smith, 1978).

Hamsters in this study exposed to Libby Amphibole asbestos developed fibrosis and

mesothelioma following exposure. Subchronic studies in mice (Smartt et al., 2010; Putnam et

al., 2008) demonstrated gene and protein expression changes related to fibrosis production

following exposure to Libby Amphibole asbestos. Finally, short-term studies in rats

demonstrated an increase in inflammatory markers following exposure to Libby Amphibole

asbestos (Padilla-Carlin et al., 2011; Shannahan et al., 2011a; Shannahan et al., 2011b).
Because tremolite is part of Libby Amphibole asbestos, results from tremolite studies

were also described. In general, fibrous tremolite has been shown to cause pulmonary
inflammation, fibrosis and/or mesothelioma or lung cancer in rats (Bernstein et al., 2005;
Bernstein et al., 2003; Davis et al., 1991; Davis et al., 1985; Wagner et al., 1982) and hamsters

(Smith et al., 1979). The single short-term study on mice showed limited response to tremolite
(Sahu et al., 1975). The one chronic-duration oral study (McConnell et al., 1983b) did not show

increased toxicity or carcinogenicity; this study, however, used only nonfibrous tremolite, which

later studies showed to be less toxic and carcinogenic than fibrous tremolite (Davis et al., 1991).

Chronic inflammation is hypothesized to lead to a carcinogenic response through the

production of reactive oxygen species and increased cellular proliferation (Hanahan and
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Weinberg, 2011). Although limited, the data described in Section 4.2 suggest an increase in

inflammatory response following exposure to Libby Amphibole asbestos and tremolite asbestos
similar to that observed for other durable mineral fibers [reviewed in Mossman et al. (2007)].
Whether this inflammatory response then leads to cancer is unknown. Studies examining other
types of asbestos (e.g., crocidolite, chrysotile, and amosite) have demonstrated an increase in
chronic inflammation as well as respiratory cancer related to exposure [reviewed in Kamp and
Weitzman (1999)]. Chronic inflammation has also been linked to genotoxicity and mutagenicity
following exposure to some particles and fibers (Driscoll et al., 1997; 1996; 1995). The evidence

described above suggests chronic inflammation is observed following Libby Amphibole asbestos
and tremolite asbestos exposure; however, the role of inflammation and whether it leads to lung
cancer or mesothelioma following exposure to Libby Amphibole asbestos is unknown.

ROS production has been measured in response to both Libby Amphibole asbestos and
tremolite asbestos exposure. Blake et al. (2007) demonstrated an increase in the production of
superoxide anion following exposure to Libby Amphibole asbestos. Blake et al. (2007) also
demonstrated that total superoxide dismutase was inhibited, along with a decrease in intracellular
glutathione, both of which are associated with increased levels of ROS. These results are

supported by a recent study in human mesothelial cells (Hillegass et al., 2010) (described in

Section 4.4 and Appendix D). Increased ROS production was also observed in human airway

epithelial cells following exposure to Libby Amphibole asbestos (Duncan et al., 2010) (described

in Section 4.4 and Appendix D). This increase in ROS and decrease in glutathione are common
effects following exposure to asbestos fibers and particulate matter. Although ROS production is
relevant to humans, based on similar human responses as compared to animals, information on
the specifics of ROS production following exposure to Libby Amphibole asbestos is limited to
the available data described here. Therefore, the role of ROS production in lung cancer and

mesothelioma following exposure to Libby Amphibole asbestos is unknown.

4.3. OTHER DURATION OR ENDPOINT-SPECIFIC STUDIES
4.3.1. Immunological

Two epidemiology studies have examined the potential role of Libby Amphibole asbestos
and autoimmunity. Noonan et al. (2006) used the data from the community health screening to
examine self-reported history of autoimmune diseases (rheumatoid arthritis, scleroderma, or
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lupus) in relation to the asbestos exposure pathways described above (see Table 4-17). To
provide more specificity in the self-reported history of these diseases, a follow-up questionnaire
was mailed to participants to confirm the initial report and obtain clarifying information
regarding the type of disease, whether the condition had been diagnosed by a physician, and
whether the participant was currently taking medication for the disease. Responses were
obtained from 208 (42%) of the 494 individuals who had reported these conditions. Of these
208 responses, 129 repeated the initial report of the diagnosis of rheumatoid arthritis, and

161 repeated the initial report of the diagnosis of one of the three diseases (rheumatoid arthritis,
scleroderma, or lupus). Among people aged 65 and over (n = 34 rheumatoid arthritis cases,
determined using responses from the follow-up questionnaire), a two- to threefold increase in
risk was observed in association with several measures reflecting potential exposure to asbestos
(e.g., asbestos exposure in the military) or specifically to Libby Amphibole asbestos (e.g., past
work in mining and milling operations, use of vermiculite in gardening, and frequent playing on
vermiculite piles when young). Restricted forced vital capacity, presence of parenchymal
abnormalities, playing on vermiculite piles, and other dust or vermiculite exposures were also
associated with rheumatoid arthritis in the group younger than 65 (n = 95 cases). Restricted
forced vital capacity was defined as FVC <80% predicted and a ratio of FEV1 to

FVC >70% predicted. For all participants, an increased risk of rheumatoid arthritis was observed
with increasing number of exposure pathways. RRs of 1.0, 1.02, 1.79, 2.51, and 3.98 were
observed for 0 (referent), 1, 2-3, 4-5, and 6 or more pathways, respectively (trend p < 0.001,
adjusting for restrictive spirometry, parenchymal abnormalities, and smoking history). Although
the information gathered in the follow-up questionnaire and repeated reports of certain diagnoses
decreased the false-positive reports of disease, considerable misclassification (over-reporting and
under-reporting) is likely, given the relatively low confirmation rate of self-reports of
physician-diagnosed rheumatoid arthritis (and other autoimmune diseases) seen in other studies
(Karlson et al., 2003; Rasch et al., 2003; Ling et al., 2000).

Another study examined serological measures of autoantibodies in 50 residents of Libby,

MT, and a comparison group of residents of Missoula, Montana (Pfau et al., 2005); (see

Table 4-17). The Libby residents were recruited for a study of genetic susceptibility to
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Table 4-17. Autoimmune-related studies in the Libby, MT community

Reference(s) Inclusion criteria and design details Results
Noonan et al. Nested case-control study among 7,307 participants in Association with work in Libby
(2006) 2000-2001 community health screening. Conducted mining/milling operations (ages

interviews, gathered self-reported history of rheumatoid
arthritis, scleroderma, or lupus.

Follow-up questionnaire mailed to participants concerning
self-report of “physician-diagnosis” of these diseases and

65 and older):

Rheumatoid arthritis

OR: 3.2 (95% ClI: 1.3, 8.0)
Rheumatoid arthritis, lupus,

scleroderma

OR: 2.1 (95% CI: 0.90, 4.1)
Risk increased with increasing
number of ashestos exposure
pathways.

medication use.

Pfau et al. (2005) | Libby residents (n = 50) recruited for study of genetic
susceptibility to asbestos-related lung disease.

Missoula, MT comparison group (n = 50), recruited for
study of immune function; age and sex-matched to Libby
participants.

Serum samples obtained; IgA levels, prevalence of
antinuclear, anti-dsDNA antibodies, anti-RF antibodies,
and anti-Sm, RNP, SS-A, SS-B, and Scl-70 antibodies
determined.

Increased prevalence of high titer
(>1:320) antinuclear antibodies in
Libby sample (22%) compared to
Missoula sample (6%).

Similar increases for rheumatoid
factor, anti-RNP, anti-Scl-60,
anti-Sm, anti-R, (SSA), and
anti-La (SSB) antibodies observed
in Libby sample.

asbestos-related lung disease, and the Missoula residents were participants in a study of immune
function The Libby sample exhibited an increased prevalence (22%) of high-titer (>1:320)
antinuclear antibodies when compared to the Missoula sample (6%), and similar increases were
seen in the Libby sample for rheumatoid factor, anti-RNP, anti-Scl-60, anti-Sm, anti-R, (SSA),
and anti-La (SSB) antibodies. Although neither sample was randomly selected from the
community residents, an individual’s interest in participating in a gene and lung disease study
likely would not be influenced by the presence of autoimmune disease or autoantibodies in that
individual.

Hamilton et al. (2004), Blake et al. (2008), and Pfau et al. (2008) examined the role of
asbestos in autoimmunity in laboratory animal or in vitro studies. Blake et al. (2008) performed
in vitro assays with Libby Amphibole asbestos (see Section 4.4), and both studies performed the
in vivo assays with tremolite. C57BL/6 mice were instilled intratracheally for a total of two
doses each of 60-ug saline and wollastonite or Korean tremolite sonicated in sterile PBS, given
1 week apart in the first 2 weeks of a 7-month experiment. Sera from mice exposed to tremolite
showed antibody binding colocalized with SSA/R052 on the surface of apoptotic blebs (Blake et

al., 2008). In Pfau et al. (2008), by 26 weeks, the tremolite-exposed animals had a significantly
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higher frequency of positive antinuclear antibody tests compared to wollastinate and saline.
Most of the tests were positive for dSDNA and SSA/R052. Serum isotyping showed no major
changes in immunoglobulin subclasses (1gG, IgA, IgM), but serum IgG in tremolite-exposed
mice decreased overall. Further, IgG immune complex deposition in the kidneys increased, with
abnormalities suggestive of glomerulonephritis. No increased proteinuria was observed during
the course of the study. Local immunologic response was further studied on the cervical lymph
nodes. Although total cell numbers and lymph-node sizes were significantly increased following
exposure to tremolite, percentages of T- and B-cells did not significantly change. Hamilton et al.
(2004) investigated the ability of Libby Amphibole, crocidolite, and PM; 5 (collected over a 6
month period in Houston, TX, from EPA site 48-201-1035) to alter the antigen-presenting cell
(APC) function was altered in cultured human alveolar macrophages. Asbestos exposure
(regardless of type) and PM, 5 up-regulated a Tw; lymphocyte derived cytokine, interferon
gamma (IFNYy), and the Ty, lymphocyte-derived cytokines interleukin-4 (1L-4) and
interleukin-13 (IL-13). There was, however, extreme variation among subjects in the amount of
response. In addition, there was no correlation between an individual’s cells’ response to
asbestos versus PM, suggesting that more than one possible mechanism exists for a
particle-induced APC effect and individual differential sensitivities to inhaled bioactive particles.

Although limited number of studies, these results suggest a possible effect on
autoimmunity following exposure to Libby Amphibole asbestos. Further studies are needed to
increase understanding of this potential effect.

4.4. MECHANISTIC DATA AND OTHER STUDIES IN SUPPORT OF THE MODE OF
ACTION

In vitro analysis of fibers depends on the characteristics of the fibers and cell types used
for the studies. Therefore, in reviewing the literature it is important to pay attention to cell types
used, particularly related to the ability to internalize fibers and produce an oxidative stress
response. Results from in vitro studies have demonstrated potential biological mechanisms of
oxidative stress and inflammation in response to exposure to Libby Amphibole and tremolite
asbestos. These studies are summarized below and in Tables 4-18 and 4-19, with detailed study

descriptions available in Appendix D.

This document is a draft for review purposes only and does not constitute Agency policy.
4-62 DRAFT—DO NOT CITE OR QUOTE


http://hero.epa.gov/index.cfm?action=search.view&reference_id=709548

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Limited in vitro studies have been conducted with Libby Amphibole asbestos from the
Zonolite Mountain mine. These studies demonstrated an effect of Libby Amphibole asbestos on

inflammation and immune function (Duncan et al., 2010; Blake et al., 2008; Blake et al., 2007;

Hamilton et al., 2004), oxidative stress (Hillegass et al., 2010), and genotoxicity (Pietruska et al.,

2010). Similar endpoints have been examined in vitro following exposure to tremolite asbestos
(Okayasu et al., 1999; Wylie et al., 1997; Suzuki and Hei, 1996; Athanasiou et al., 1992; Wagner
et al., 1982).

4.4.1. Inflammation and Immune Function

Hamilton et al. (2004) showed an increase in TH1 and TH2 cytokines following exposure
to both asbestos and particulate matter, suggesting a similar effect of exposure to both materials
on immune function. Analysis of these results is limited, as the use of primary cells in culture
that led to an extremely variable response. Two studies by Blake et al. (2008; 2007) further
examined the effect of Libby Amphibole asbestos on immune response in murine macrophages.
These studies demonstrated that Libby Amphibole asbestos was internalized, and this
internalization resulted in an increase in reactive oxygen species (ROS). These studies also
showed a variable cytotoxic response, as Libby Amphibole asbestos exposure did not result in a
statistically significant increase in cytotoxicity, while crocidolite did. DNA damage also was
increased in crocidolite-exposed cells—but not in Libby Amphibole asbestos exposed-cells. An
increase (relative to controls) in autoantibody formation following exposure to Libby Amphibole
asbestos also was observed. Studies that examined cellular response to tremolite also found that
fiber characteristics (length and width) play a role in determining ROS production, toxicity, and

mutagenicity (Okayasu et al., 1999; Wagner et al., 1982).

Mechanisms of oxidative stress following exposure to Libby Amphibole asbestos were
also studied in human mesothelial cells (Hillegass et al., 2010). Gene expression changes

following exposure to 15 x 10° um?/cm? Libby Amphibole asbestos? as compared to the
nonpathogenic control (75 x 10° pm?%cm? glass beads) in the human mesothelial cell line
LPO/TERT-1 for 8 and 24 hours. Gene ontology of these results demonstrated alterations in

genes related to signal transduction, immune response, apoptosis, cellular proliferation,

% |_ibby Amphibole ashestos samples were characterized for this study with analysis of chemical composition and
mean surface area (Meeker et al., 2003). Doses were measured in surface area and described based on viability
assays as either the -nontoxic (15 x 10° um?/cm?) or the toxic dose (75 x 10° um?cm?).
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Table 4-18. In vitro data following exposure to Libby Amphibole asbestos

Test system Fiber type Dose/exposure duration Effects Reference
Primary human alveolar | Libby Amphibole asbestos or 0, 25, 50 pg/mL Upregulated TH1 and TH2 cytokines (IFNy, Hamilton et al.
macrophages and crocidolite 24 h IL-4, 1L-13) (2004)
lymphocytes
Murine macrophages Libby Amphibole asbestos and Internalization: Internalized Libby Amphibole asbestos fibers | Blake et al.
(primary and crocidolite 0, 5, 62.5 pg/cm? were mostly less than 2 um in length (2007)
RAW264.7) 3-24h

Oxidative stress: Increased ROS over control (wollastonite) and

0, 6.25, 32.5, 62.5 pg/cm? crocidolite

3,7,12,and 24 h Decreased GSH

Cell viability: No effect was observed on cell viability

0, 6.25, 32.5, 62.5 pg/cm?

3,7,12,and 24 h

DNA damage: No increase in DNA damage and adduct

0, 6.25, 32.5, 62.5 pg/cm? formation

3,7,12,and 24 h-
Murine macrophages Libby Amphibole asbestos or 0, 62.5 ug/cm? Time-course dose response for apoptosis; Blake et al.
(primary and crocidolite 0-72h Redistribution of autoantigen on cell surface (2008)
RAW264.7)
Human lung epithelial Libby Amphibole asbestos or 5 pglcm? Dose-dependent increase in micronuclei in both | Pietruska et al.
cells (wild-type and crocidolite 24 h cell types, but increased in the (2010)

XRCC1-deficient)

XRCC1-deficient cells as compared to
wild-type

Human mesothelial cells | Libby Amphibole asbestos or 0, 15 x 10° um%cm? Alterations in genes related to oxidative stress, |Hillegass et al.
(LP9/TERT-1 and crocidolite (nontoxic) and 75 x 10° particularly SOD2 (2010)
HKNM-2) pm?/cm? (toxic) for 8 or 24 h

Primary human airway | Libby Amphibole asbestos 0, 2.64, 13.2 or 26.4 ug/cm? Increases in pro-inflammatory gene expression | Duncan et al.
epithelial cells (HAECSs) | (fractionated and unfractionated), [2,4 or24h and ROS production (2010)

amosite (fractionated and
unfractionated), crocidolite

3All results for RAW264.7. Data not shown for primary cells though authors state similar response to RAW?264.7.

PBS = phosphate buffer saline, ROS = reactive oxygen species, GSH = glutathione, DNA = deoxyribonucleic acid, LDH = lactic dehydrogenase,

BGL = B-glucuronidase, SHE = Syrian hamster ovary, HTE = hamster tracheal epithelial, RPM = rat pleural mesothelial, NIEHS = National Institute of
Environmental Health Sciences, HPRT = hypoxanthine-guanine phosphoribosyltransferase.
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Table 4-19. In vitro data following exposure to tremolite asbestos

Test system/species Fiber type Dose/exposure duration Effects Reference
Primary murine Sample A (flake-like from 0, 50, 100, and 150 pg/mL LDH and BGL levels increased following Wagpner et al.
macrophages California talc deposits); 18 h exposure to Sample C (longer, thinner fibers) (1982)

Sample B (medium-sized
fibrous from Greenland);
Sample C (fine-fiber material
from S. Korea); Positive
Control (crocidolite)

and crocidolite (positive control).

Sample C led to the greatest increases in giant
cell formation and cytotoxicity of samples
tested.

Sample B also led to some increased
cytotoxicity.

TA98, TA100, TA102 S.

Metsovo tremolite

TA98, TA100, and TA102:

No significant revertants were observed in any

Athanasiou et al.

typhimurium 0-500 pg/per plate of the three Salmonella strains tested. (1992)
2 days
V79 and BPNi cells V79 and BPNi: No affect was observed on gap-junctional
0-4 pglem? intercellular communication.
6, 24, and 48 h
BPNi cells BPNi: Tremolite led to a dose-dependent increase in
0-2 pglem? micronuclei induction.
24 h
SHE cells SHE: Tremolite exposure led to increased
0-3 pg/cm? chromosomal aberrations but not in a
24 h dose-dependent fashion.
A[L] cells (hamster UICC chrysotile, crocidolite, 0, 2.5-40 pg/mL Relative increase in heme oxygenase as Suzuki and Hei
hybrid cells containing | Metsovo tremolite, erionite 24 h compared to control. (1996)

human chromosome 11)

HTE and RPM cell lines

NIEHS chrysotile, NIEHS
crocidolite, FD14, S157, CPS
183 (talc fibers containing
tremolite)

Varied (based on weight, fiber
length, and surface area).

Fibrous talc exposure led to limited proliferation

of cells.

Wylie et al.
(2997)

A[L] cells (hamster
hybrid cells containing
human chromosome 11)

Tremolite, erionite, RCF-1

0-400 pg/mL
24 h

No significant increase in HPRT mutations for
these three fibers;

Dose-dependent induction of mutations in CD59

did occur for erionite and tremolite.

Okayasu et al.
(1999)

PBS = phosphate buffer saline, ROS = reactive oxygen species, GSH = glutathione, DNA = deoxyribonucleic acid, LDH = lactic dehydrogenase,
BGL = B-glucuronidase, SHE = Syrian hamster ovary, HTE = hamster tracheal epithelial, RPM = rat pleural mesothelial, NIEHS = National Institute of

Environmental Health Sciences, HPRT = hypoxanthine-guanine phosphoribosyltransferase.
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extracellular matrix, cell adhesion and motility, and only in one gene related to reactive oxygen
species processing. Oxidative stress was observed as both dose- and time-dependent in cells
exposed to Libby Amphibole asbestos but was increased following exposure to the higher dose
of Libby Amphibole asbestos (statistical analysis not possible). Glutathione (GSH) levels were
transiently depleted following 2-8 hours exposure to the higher dose of Libby Amphibole
asbestos, with a gradual recovery up to 48 hours in LP9/TERT-1 cells (HKNM-2 not analyzed).
These studies demonstrate that Libby Amphibole asbestos exposure leads to increases in
oxidative stress as measured by ROS production, gene expression, protein and functional
changes in oxidative stress proteins (SOD), and GSH level alterations in human mesothelial
cells.

Gene expression alterations of interleukin-8 (IL-8), cyclooxygenase-2 (COX-2), heme
oxygenase (HO)-1 as well as other stress-responsive genes as compared to amosite (Research
Triangle Institute) was observed in primary human airway epithelial cells (HAEC) following
exposure to Libby Amphibole asbestos. Comparisons were made with both fractionated

(aerodynamic diameter <2.5 um) and unfractionated fiber samples (Duncan et al., 2010).

Crocidolite fibers (UICC) were also included in some portions of this study for comparison.
Primary HAECs were exposed to 0, 2.64, 13.2, and 26.4 pg/cm? of crocidolite, amosite (AM),
amosite 2.5 (fractionated), Libby Amphibole asbestos, or Libby Amphibole asbestos

2.5 (fractionated) for 2 or 24 hours in cell culture. Cytotoxicity was determined by measurement
of lactate dehydrogenase (LDH) from the maximum dose (26.4 ug/cm?) of both amosite and
Libby Amphibole asbestos samples, with less than 10% LDH present following exposure to all
four samples. Minimal increases in gene expression of IL-8, COX-2, or HO-1 were observed at
2 hours postexposure to all five fiber types; at 24 hour postexposure, however, a dose response
was observed following exposure to all fiber types with the results showing a pro-inflammatory

gene expression response (Duncan et al., 2010). These results support a limited cytotoxicity of

both amosite and Libby Amphibole asbestos under these concentrations and time frames.
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4.4.2. Genotoxicity

Genotoxicity and, more specifically, mutagenicity, are associated with tumor formation
through alterations in genetic material.” Mutagenicity refers to a permanent effect on the
structure and/or amount of genetic material that can lead to heritable changes in function, while
genotoxicity is a broader term including all adverse effects on the genetic information (Eastmond

et al., 2009). Results of standard mutation assays like the Ames test, which analyze for point

mutations, have found asbestos and other mineral fibers to be negative or only marginally

positive (Walker et al., 1992). Several other studies, however, have shown that asbestos

exposure can result in a variety of chromosomal alterations, which are briefly discussed below.
Genotoxicity following exposure to asbestos fibers has been described as the result of
two distinct mechanisms, either ROS production leading to direct DNA damage, or physical
interference of mitosis by the fibers. For both DNA damage and mitotic interference, the fibers
must first enter the cell. Some studies have shown that a direct interaction between fibers and
cellular receptors might also lead to increased ROS production. ROS production is likely to be a
key event in fiber-induced direct DNA damage, as observed following exposure to other forms
of asbestos, while the indirect DNA damage requires fiber interaction with cellular components
(e.g., mitotic spindle, chromosomes).

ROS production and genotoxicity (micronuclei induction) following exposure to Libby
Amphibole asbestos has been demonstrated in XRCC1-deficient human lung epithelial

H460 cells (Pietruska et al., 2010). XRCC1 is involved in the repair mechanisms for oxidative

DNA damage, particularly single strand breaks. Micronuclei induction was measured following
treatment of cells by controls (positive, hydrogen peroxide; negative, paclitaxel) and by

5 pg/cm? fibers or TiO, particles for 24 hours. Spontaneous micronuclei induction was increased
in XRCC1-deficient cells in a dose-dependent manner following exposure to crocidolite and
Libby Amphibole asbestos as compared to control. These results support a potential genotoxic

effect of exposure to both crocidolite and Libby Amphibole asbestos.

2! Genotoxicity: a broad term and refers to potentially harmful effects on genetic material, which may be mediated
directly or indirectly, and which are not necessarily associated with mutagenicity. Thus, tests for genotoxicity
include tests which provide an indication of induced damage to DNA (but not direct evidence of mutation) via
effects such as unscheduled DNA synthesis, sister chromatid exchange, or mitotic recombination, as well as tests for
mutagenicity; Mutagenicity: refers to the induction of permanent transmissible changes in the amount or structure of
the genetic material of cells or organisms. These changes, “mutations,” may involve a single gene or gene segment,
a block of genes, or whole chromosomes. Effects on whole chromosomes may be structural and/or numerical (as
defined in the European Union Technical Guidance on Risk Assessment (CEC, 1996).
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Athanasiou et al. (1992) performed a series of experiments to measure genotoxicity
following exposure to tremolite, including the Ames mutagenicity assay, micronuclei induction,
chromosomal aberrations, and gap-junction intercellular communication. Although a useful test
system for mutagenicity screening for many agents, the Ames assay is not the most effective test
to detect mutations induced by mineral fibers. Mineral fibers can cause mutation through
generation of ROS or direct disruption of the spindle apparatus during chromatid segregation.
Fibers do not induce ROS in the Ames system, however, and the Salmonella typhimurium strains
do not endocytose the fibers. Only one study was found in the published literature that used the
Ames assay to measure mutagenicity of tremolite. Metsovo tremolite asbestos has been shown
to be the causative agent of endemic pleural calcification and an increased level of malignant
pleural mesothelioma (see Section 4.1). To measure the mutagenicity of Metsovo tremolite,

S. typhimurium strains (TA98, TA100, and TA102) were exposed to 0—500 pg/plate of asbestos

(Athanasiou et al., 1992). Metsovo tremolite did not yield a statistically significant increase in

revertants in the Ames assay, including in the TA102 Salmonella strain, which is generally
sensitive to oxidative damage. This study demonstrated clastogenic effects of tremolite,
including chromosomal aberrations and micronuclei induction. Tremolite exposure in Syrian
hamster embryo (SHE) cells did lead to a dose-dependent increase in chromosome aberrations
that was statistically significant at the highest doses tested (1.0-3.0 pg/cm?) (p < 0.01)
(Athanasiou et al., 1992). A statistically significant dose-dependent increase in levels of

micronuclei was demonstrated following tremolite exposure at concentrations as low as

0.5 pg/em? (p < 0.01) in BPNi cells after 24-hour exposure. Literatures searches did not find
tremolite tested for clastogenicity in other cell types, but the results of this study suggest
interference with the spindle apparatus by these fibers. No analysis was performed to determine
if fiber interference of the spindle apparatus could be observed, which would have supported
these results. No effect on the gap-junctional intercellular communication following tremolite
exposure was observed in both Chinese hamster lung fibroblasts (V79) and Syrian hamster

embryo BPNi cells, which are sensitive to transformation (Athanasiou et al., 1992).

Okayasu et al. (1999) analyzed the mutagenicity of Metsovo tremolite, erionite, and the
man-made ceramic (RCF-1) fiber. Human-hamster hybrid A(L) cells contain a full set of
hamster chromosomes and a single copy of human chromosome 11. Mutagenesis of the CD59

locus on this chromosome is quantifiable by antibody complement-mediated cytotoxicity assay.
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The authors state that this is a highly sensitive mutagenicity assay, and previous studies have

demonstrated mutagenicity of both crocidolite and chrysotile (Hei et al., 1992). The cytotoxicity

analysis for mutagenicity was performed by exposing 1 x 10° A(L) cells to a range of
concentrations of fibers as measured by weight (0—400 pg/mL or 0—80 pg/cm?) for 24 hours at
37°C. CD59 mutant induction showed a dose-dependent increase in mutation induction for
erionite and tremolite, but RCF-1 did not.

In summary, one in vitro study examined genotoxicity of Libby Amphibole asbestos by
measuring DNA adduct formation following exposure via murine macrophages (primary and

immortalized) (Blake et al., 2007). The data showed no increase in adduct formation as

compared to unexposed controls. A second study observed increases in micronuclei induction in
both normal human lung epithelial cells and XRCC1-deficient cells for both Libby Amphibole
and crocidolite asbestos (Pietruska et al., 2010). Two studies of tremolite examined

genotoxicity. The first found no significant increase in revertants in the Ames assay (Athanasiou
et al., 1992), which is similar to results obtained for other forms of asbestos. This study did find,
however, that tremolite exposure led to a dose-dependent increase in chromosome number and
micronuclei formation, which has also been described for other asbestos fibers [as reviewed in
Hei et al. (2006) and Jaurand and Levy (1997)]. Hei and colleagues (Okayasu et al., 1999)

performed mutation analysis with tremolite and found a dose-dependent increase in mutations in

CD59 in hamster hybrid cells. Genotoxicity analysis in humans, following exposure to Libby
Amphibole asbestos or tremolite, has not been measured, although other types of asbestos fibers

have led to increases in genotoxicity in primary cultures and lymphocytes (Dopp et al., 2005;

Poser et al., 2004). In general, these studies have examined genotoxicity with a focus on ROS
production as a key event. Although Libby Amphibole asbestos- and tremolite-specific data are
limited to in vitro studies, given the similarities in response to other forms of asbestos, there is
some evidence to suggest genotoxicity following exposure to Libby Amphibole and tremolite
asbestos. However, the potential role of this genotoxicity in lung cancer or mesothelioma

following exposure to Libby Amphibole asbestos is unknown.

4.4.3. Cytotoxicity and Cellular Proliferation
The initial stages of tumorigenicity may be an increased cellular proliferation at the site
of fiber deposition, which can increase the chance of cancer by increasing the population of
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spontaneous mutations, thereby affording genotoxic effects an opportunity to multiply.
Increased cell proliferative regeneration is also a hallmark of tumor clonal expansion and
generally occurs in response to increased apoptosis.

Wagner et al. (1982) examined the in vitro cytotoxicity of three forms of tremolite used
in their in vivo studies. LDH and B-glucuronidase were measured in the medium following
incubation of unactivated primary murine macrophages to 50, 100, and 150 pg/mL of each
sample for 18 hours. The Korean tremolite (Sample C) produced results similar to the positive
control: increased toxicity of primary murine macrophages, increased cytoxicity of Chinese
hamster ovary (CHO) cells, and increased formation of giant cells from the A549 cell line. The
tremolite sample from Greenland (Sample B) did result in increased toxicity over controls;
although to a lesser degree (statistics are not given). Although differential toxicity of these
samples was noted on a mass basis, data were not normalized for fiber content or size. The
inference is that differential results may be due, at least in part, to differential fiber counts.

Wylie et al. (1997) examined the mineralogical features associated with cytotoxic and
proliferative effects of asbestos in hamster tracheal epithelial (HTE) and rat pleural mesothelial
(RPM) cells with a colony-forming efficiency assay. HTE cells are used because they give rise
to tracheobronchial carcinoma, while RPM cells give rise to mesotheliomas. The results of the
analysis with fiber exposure by mass (ug/cm?) show elevated colonies in HTE cells following
exposures to both asbestos fibers (p < 0.05) at the lowest concentrations, while significant
decreases were observed for both asbestos fibers at the higher concentrations (0.5 pg/cm?,

p < 0.05) (Wylie et al., 1997). No proliferation was observed for either chrysotile or crocidolite

asbestos fibers in RPM cells, but cytotoxicity was observed at concentrations greater than

0.05 pg/cm? (p < 0.05). All talc samples were less cytotoxic in both cell types. Analyzing the
data for cytotoxicity and proliferation based on the exposure measurement demonstrated
differences in response depending solely on how the fibers were measured: by mass, number, or
surface area. These results show variability in interpreting the results of the same assay based on
the defined unit of exposure. Most early studies used mass as the measurement for exposure,
which can impact how the results are interpreted. When possible, further analysis of fiber
number and surface area would help elucidate the role of these metrics, particularly for in vivo

studies.
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Tremolite and Libby Amphibole asbestos exposure led to increases in both fibrosis and
tumorigenicity in all but one animal study, supporting a possible role for proliferation in
response to these fibers. However, there are limited data to demonstrate that increased
cytotoxicity and cellular proliferation following exposure to Libby Amphibole asbestos leads to
lung cancer or mesothelioma.

Summary. The review of these studies clearly highlights the need for more controlled
studies examining Libby Amphibole asbestos in comparison with other forms of asbestos and for
examining multiple endpoints—including ROS production, DNA damage, and pro-inflammatory
gene expression alterations—to improve understanding of mechanisms involved in cancer and
other health effects. Data gaps still remain to determine specific mechanisms involved in Libby
Amphibole asbestos-induced disease. Studies that examined cellular response to tremolite also
found that tremolite exposure may lead to increased ROS production, toxicity, and genotoxicity
(Okayasu et al., 1999; Wagner et al., 1982). As with the in vivo studies, the definition of fibers

and how the exposures were measured varies among studies.

4.5. SYNTHESIS OF MAJOR NONCANCER EFFECTS

The predominant noncancer health effects observed following inhalation exposure to
Libby Amphibole asbestos are effects on the lungs and pleural lining surrounding the lungs.
Recent studies have also examined noncancer health effects following exposure to Libby
Amphibole asbestos in other systems, including autoimmune effects and cardiovascular disease.
These effects have been observed primarily in studies of exposed workers and community

members and are supported by laboratory animal studies.

4.5.1. Pulmonary Effects
4.5.1.1. Pulmonary Fibrosis (Asbestosis)

Asbestosis is the interstitial pneumonitis and fibrosis caused by inhalation of asbestos
fibers and is characterized by a diffuse increase of collagen in the alveolar walls (fibrosis) and
the presence of asbestos fibers, either free or coated with a proteinaceous material and iron
(asbestos bodies). Fibrosis results from a sequence of events following lung injury, which
includes inflammatory cell migration, edema, cellular proliferation, and accumulation of
collagen. Asbestosis is associated with dyspnea, bibasilar rales, and changes in pulmonary
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function: a restrictive pattern, mixed restrictive-obstructive pattern, and/or decreased diffusing

capacity (ATS, 2004). Radiographic evidence of small opacities in the lung is direct evidence of

scarring of the lung tissue and as the fibrotic scarring of lung tissue consistent with mineral dust
and mineral fiber toxicity. The scarring of the parenchymal tissue of the lung contributes to
measured changes in pulmonary function, including obstructive pulmonary deficits from
narrowing airways, restrictive pulmonary deficits from impacting the elasticity of the lung as
well as decrements in gas exchange.

Workers exposed to Libby Amphibole asbestos from vermiculite mining and processing
facilities in Libby, MT, as well as plant workers in Marysville, OH, where vermiculite ore was
exfoliated and processed, have an increased prevalence of small opacities on chest X-rays, which
is indicative of fibrotic damage to the parenchymal tissue of the lung (Rohs et al., 2008;
Amandus et al., 1987b; McDonald et al., 1986b; Lockey et al., 1984). These findings are

consistent with a diagnosis of asbestosis, and the studies are described in detail in

Section 4.1.1.4.2. Significant increases in asbestosis as the primary cause-of-death have been
documented in studies of the Libby worker cohort report (see Table 4.6 for details) (Larson et al.,
2010b; Sullivan, 2007; Amandus and Wheeler, 1987; McDonald et al., 1986a). For both

asbestosis mortality and radiographic signs of asbestos (small opacities), positive exposure-

response relationships are described where these effects are greater with greater cumulative
exposure to Libby Amphibole asbestos.

Deficits in pulmonary function consistent with pulmonary fibrosis have been reported in
individuals exposed to Libby Amphibole asbestos. The initial study of the Marysville, OH

cohort measured but reported no change in pulmonary function (Lockey et al., 1984).

Pulmonary function was not reported for the cohort follow-up, although prevalence of pleural
and parenchymal abnormalities was increased (Rohs et al., 2008). Although studies of the

occupational Libby worker cohort do not include assessment of pulmonary function (Amandus et
al., 1987b; McDonald et al., 1986b) data from the ATSDR community screening, which included
workers, provide support for functional effects from parenchymal changes. The original report

of the health screening data indicated moderate-to-severe pulmonary restriction in 2.2% of men
(Peipins et al., 2003; ATSDR, 2001b). A recent reanalysis of these data show that for study

participants with small opacities viewed on the radiographs (grade 1/0 or greater), and DPT the
mean FVC is reduced to 78.76 (+3.64), 82.16 (x3.34), respectively of the expected value (Weill
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etal., 2011). A mean FVC of 95.63 (+£0.76) was reported for those with other pleural

abnormalities versus 103.15 (+0.25) in participants with no radiographic abnormalities. The

strongest effects of diffuse pleural thickening and/or costophrenic angle obliteration on FVC
were seen among men who had never smoked (-23.77, p < 0.05), with smaller effects seen
among men who had smoked (-9.77, p < 0.05) and women who had smoked (-6.73, p < 0.05).
Laboratory animal and mechanistic studies of Libby Amphibole asbestos are consistent with the
noncancer health effects observed in both Libby workers and community members. Pleural
fibrosis was increased in hamsters after intrapleural injections of Libby Amphibole asbestos

(Smith, 1978). More recent studies have demonstrated increased collagen deposition consistent

with fibrosis following intratracheal instillation of Libby Amphibole asbestos fibers in mice
(Padilla-Carlin et al., 2011; Shannahan et al., 2011a; Shannahan et al., 2011b; Smartt et al., 2010;
Putnam et al., 2008). Pulmonary fibrosis, inflammation, and granulomas were observed after

tremolite inhalation exposure in Wistar rats (Bernstein et al., 2005; Bernstein et al., 2003) and

intratracheal instillation in albino Swiss mice (Sahu et al., 1975). Dauvis et al. (1985) also

reported pulmonary effects after inhalation exposure in Wistar rats including increases in
peribronchiolar fibrosis, alveolar wall thickening, and interstitial fibrosis.

4.5.1.2. Other Nonmalignant Respiratory Diseases

Mortality studies of the Libby workers indicate that there is increased mortality, not only
from asbestosis, but other respiratory diseases. Deaths attributed to chronic obstructive
respiratory disease and deaths attributed to “other” nonmalignant respiratory disease were

elevated more than twofold (see Table 4-6) (Larson et al., 2010b; Sullivan, 2007). These

diseases are consistent with ashestos toxicity, and the evidence of a positive exposure-response

relationship for mortality from all nonmalignant respiratory diseases, supports this association.

4.5.2. Pleural Effects

Pleural thickening that is caused by mineral fiber exposure includes two distinct
biological lesions: discrete pleural plaques in the parietal pleura and diffuse pleural thickening of
the visceral pleura. Both forms of pleural thickening can be viewed on standard radiographs.
However, the two are not always clearly distinguishable on X-rays, and smaller lesions may not

be detected. High resolution computed tomography is a method that can distinguish between the
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lesions, as well as detect smaller lesions than are visible on X-rays. Pleural thickening may
restrict lung function, increase breathlessness with exercise, and contribute to chronic chest pain.
The potential for health effects and severity of health effects are increased with the extent and
thickness of the pleural lesions.

Data from the ATSDR community health screening study indicate that the prevalence of
pleural abnormalities, identified by radiographic examination, increases substantially with

increasing number of exposure pathways (Peipins et al., 2003). A reanalysis of these data also

considered age, smoking history, and types of exposures. Increased pleural thickening is
reported for Libby workers, those with other vermiculite work and those in “dusty trades.”
Increased LPT is reported in both those exposed only as househole contacts or through
environmental exposure pathways, with greater incidence by age (38.3 and 12.7%, respectively,
in the 61-90 age group) (Weill et al., 2011). DPT is reported at lower rates with 5.9 and 2.2%,

respectively, in these exposure groups in the highest age bracket evaluated (age 61-90).
Increased pleural thickening is reported for both of the studied worker cohorts, with
evidence of positive exposure response relationships (Larson et al., 2010a; Rohs et al., 2008;
Amandus et al., 1987b; McDonald et al., 1986b; Lockey et al., 1984). Both McDonald et al.
(1986b) and Amandus et al. (1987b) indicate age is also a predictor of pleural thickening in

exposed individuals, which may reflect the effects of time from first exposure. Smoking data
were limited on the Libby workers and analyses do not indicate clear relationships between
smoking and pleural thickening (Amandus et al., 1987b; McDonald et al., 1986b). Pleural

thickening in workers at the Scott Plant (Marysville, OH) was associated with hire on or before
1973 and age at time of interview but was not associated with BMI or smoking history (ever
smoked) (Rohs et al., 2008).

4.5.3. Other Noncancer Health Effects (Cardiovascular Toxicity, Autoimmune Effects)
There is limited research available on noncancer health effects occurring outside the
respiratory system. Larson et al. (2010b) examined cardiovascular disease-related mortality in
the cohort of exposed workers from Libby (see Section 4.1.1.4.3). Mechanistic studies have
examined the potential role of iron and the associated inflammation for both the respiratory and

cardiovascular disease (Shannahan et al., 2011b). Two studies examined the association between

asbestos exposure and autoimmune disease (Noonan et al., 2006) or autoantiboides and other
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immune markers (Pfau et al., 2005) (see Table 4-17). Limitations in the number, scope, and

design of these studies make it difficult to reach conclusions as to the role of asbestos exposure

in either cardiovascular disease or autoimmune disease.

4.5.4. Libby Amphibole Asbestos Summary of Noncancer Health Effects
The studies in humans summarized in Section 4.1 have documented an increase in

mortality from nonmalignant respiratory disease, including asbestosis, in workers exposed to
Libby Amphibole asbestos (Larson et al., 2010b; Sullivan, 2007; McDonald et al., 2004;

Amandus and Wheeler, 1987). Radiographic evidence of pleural thickening and interstitial

damage (small opacities) are also well documented among employees of the Libby vermiculite

mining operations (Larson et al., 2010a; Amandus et al., 1987b; McDonald et al., 1986b).

Additional studies have documented an increase in radiographic changes in the pleura and
parenchyma among employees of a manufacturing facility in Marysville, OH that used Libby

vermiculite ore contaminated with Libby Amphibole asbestos (Rohs et al., 2008; Lockey et al.,

1984). Positive exposure-response relationships for these health effects for both occupational
cohorts studied, as well as the observed latency, support an association between exposure to
Libby Amphibole asbestos and these pleuro-pulmonary effects. Studies of community members
exposed to Libby Amphibole asbestos have documented similar pleural abnormalities and

pulmonary deficits consistent with parenchymal damage (Weill et al., 2011; Whitehouse, 2004;

Peipins et al., 2003). Although limited, animal studies support the toxicity of Libby Amphibole

asbestos to pleural and pulmonary tissues. Developing research supports a role of inflammatory
processes in the toxic action of Libby Amphibole asbestos, consistent with the observed health

effects (Duncan et al., 2010; Hamilton et al., 2004). Taken together, the strong evidence in

human studies, defined exposure response relationships, and supportive animal studies provide
compelling evidence that exposure to Libby Amphibole asbestos causes nonmalignant

respiratory disease, including asbestosis, pleural thickening, and deficits in pulmonary function
associated with mineral fiber exposures. Existing data regarding cardiovascular effects and the

potential for autoimmune disease are limited.
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4.5.5. Mode-of-Action Information (Noncancer)
The precise mechanisms causing toxic injury from inhalation exposure to Libby
Amphibole asbestos have not been established. However, nearly all-durable mineral fibers with

dimensional characteristics that allow penetration to the terminal bronchioles and alveoli of the

lung have the capacity to induce pathologic response in the lung and pleural cavity (ATSDR

2001a; Witschi and Last, 1996). The physical-chemical attributes of mineral fibers are important

in determining the type of toxicity observed. Fiber dimension (width and length), density, and
other characteristics such as chemical composition, surface area, solubility in physiological
fluids, and durability all play important roles in both the type of toxicity observed and the
biologically significant dose. Fibrosis results from a sequence of events following lung injury,
which includes inflammatory cell migration, edema, cellular proliferation, and accumulation of
collagen. Fibers do migrate to the pleural space, and it has been hypothesized that a similar
cascade of inflammatory events may contribute to fibrotic lesions in the visceral pleura.
Thickening of the visceral pleura is more often localized to lobes of the lung with pronounced
parenchymal changes, and it has also been hypothesized that the inflammatory and fibrogenic
processes within the lung parenchyma in response to asbestos fibers may influence the fibrogenic
process in the visceral pleura. The etiology of parietal plaques is largely unknown with respect
to mineral fiber exposure.

There is currently insufficient evidence to establish the noncancer mode of action for
Libby Amphibole asbestos. Limited in vitro studies have demonstrated oxidative stress
following Libby Amphibole asbestos exposures in various cell types (Duncan et al., 2010;
Hillegass et al., 2010; Pietruska et al., 2010; Blake et al., 2007). Libby Amphibole asbestos
fibers increased intracellular ROS in both murine macrophages and human epithelial cells

(Duncan et al., 2010; Blake et al., 2007). Surface iron, inflammatory marker gene expression

was increased following exposure to Libby Amphibole asbestos in human epithelial cells
(Shannahan et al., 2011b; Duncan et al., 2010; Pietruska et al., 2010) (see Table 4-18).
Tremolite studies demonstrate cytotoxicity in various cell culture systems (see Table 4-19).

The initial stages of any fibrotic response involve cellular proliferation, which may be
compensatory for cell death due to cytotoxicity. Analysis of cellular proliferation has
demonstrated both increases and decreases following exposure to asbestos fibers in vitro and in

vivo depending on the specific fiber or cell type (Mossman et al., 1985; Topping and Nettesheim,
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1980). Other studies have focused on the activation of cell-signaling pathways that lead to
cellular proliferation following exposure to asbestos (Scapoli et al., 2004; Shukla et al., 2003;
Ding et al., 1999; Zanella et al., 1996).

Although slightly increased compared to controls, cytotoxicity in murine macrophage

cells exposed to Libby Amphibole asbestos was decreased compared to other fiber types (Blake

et al., 2008). Cytotoxicity was slightly, but statistically significantly, increased compared to an

unexposed control at 24 hours post exposure to Libby Amphibole asbestos, while crocidolite
exposure resulted in even higher levels of cytotoxicity. No other in vitro study examined
cytotoxicity following exposure to Libby Amphibole asbestos, although an increase in apoptosis

was demonstrated in this same cell system (Blake et al., 2008). Recent studies in mice exposed

to Libby Amphibole asbestos demonstrated increased collagen deposition and collagen gene
expression, markers of fibrosis (Smartt et al., 2010; Putnam et al., 2008). Short-term studies in

rats also demonstrated an increased inflammatory response (Padilla-Carlin et al., 2011;
Shannahan et al., 2011a; Shannahan et al., 2011b). Tremolite and Libby Amphibole asbestos

exposure led to increases in both fibrosis in all but one animal study, supporting a role for
proliferation in response to these fibers. Taken together with studies on other asbestos fibers,
these data suggest that a cytotoxicity and cell proliferation may play a role in the noncancer
health effects following exposure to Libby Amphibole asbestos.

Although continued research demonstrates that the Libby Amphibole asbestos has
biologic activity consistent with the inflammatory action and cytotoxic effects seen with other
forms of asbestos, the data are not sufficient to establish a mode of action for the

pleura-pulmonary effects of exposure to Libby Amphibole asbestos.

4.6. EVALUATION OF CARCINOGENICITY
4.6.1. Summary of Overall Weight of Evidence
Under the EPA Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005a), Libby

Amphibole asbestos is carcinogenic to humans following inhalation exposure based on

epidemiologic evidence that shows a convincing association between exposure to Libby
Amphibole asbestos fibers and increased lung cancer and mesothelioma mortality (Larson et al.
2010b; Moolgavkar et al., 2010; Sullivan, 2007; McDonald et al., 2004; Amandus and Wheeler,
1987; McDonald et al., 1986a). These results are further supported by animal studies that
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demonstrate the carcinogenic potential of Libby Amphibole asbestos fibers and tremolite fibers

in rodent bioassays. As a durable mineral fiber of respirable size, this conclusion is consistent

with the extensive published literature that documents the carcinogenicity of amphibole fibers.
U.S. EPA’s Guidelines for Carcinogenic Risk Assessment (U.S. EPA, 2005a) indicate

that for tumors occurring at a site other than the initial point of contact, the weight of evidence
for carcinogenic potential may apply to all routes of exposure that have not been adequately
tested at sufficient doses. An exception occurs when there is convincing information (e.g.,
toxicokinetic data) that absorption does not occur by other routes. Information on the
carcinogenic effects of Libby Amphibole asbestos via the oral and dermal routes in humans or
animals is absent. The increased risk of lung cancer and mesothelioma following inhalation
exposure to Libby Amphibole asbestos has been established by studies in humans, but these
studies do not provide a basis for determining the risk from other routes of exposure.
Mesothelioma occurs in the pleural and peritoneal cavities and, therefore, is not considered a
portal-of-entry effect. However, the role of indirect or direct interaction of asbestos fibers in
disease at these extrapulmonary sites is still unknown. There is no information on the
translocation of Libby Amphibole asbestos to extrapulmonary tissues following either oral or
dermal exposure, and limited studies have examined the role of these routes of exposure in
cancer. Therefore, Libby Amphibole asbestos is considered carcinogenic to humans by the

inhalation route of exposure.

4.6.1.1. Synthesis of Human, Animal, and Other Supporting Evidence

Libby, MT workers have been the subject of multiple mortality studies demonstrating an
increased cancer mortality in relation to estimated fiber exposure. Occupational studies
conducted in the 1980s (Amandus and Wheeler, 1987) (McDonald et al., 1986a) as well as the

extended follow-up studies published in more recent years (Larson et al., 2010b; Sullivan, 2007;

McDonald et al., 2004) and additional analyses of the extended follow-up (Moolgavkar et al.,

2010) provide evidence of an increased risk of lung-cancer mortality and of mesothelioma
mortality among the workers exposed to Libby Amphibole asbestos in the Libby vermiculite
mining and processing operations. This pattern is seen in the lung cancer analyses using an

internal referent group in the larger follow-up studies (Larson et al., 2010b; Sullivan, 2007;

McDonald et al., 2004), with cumulative exposure analyzed using quartiles or as a continuous
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measure, and in the studies reporting analyses using an external referent group [i.e., standardized
mortality ratios (Sullivan, 2007; Amandus and Wheeler, 1987; McDonald et al., 1986a).

McDonald et al. (2004) also reported increasing risk of mesothelioma across categories of

exposure; the more limited number of cases available in earlier studies precluded this type of
exposure-response analysis. This association is also supported by the case series of
11 mesothelioma patients among residents in or around Libby, MT, and among family members

of workers in the mining operations (Whitehouse et al., 2008).

Although experimental data in animals and data on toxicity mechanisms are limited for
Libby Amphibole asbestos, tumors were observed in tissues similar to those in humans (e.g.,
mesotheliomas, lung cancer) indicating the existing data are consistent with the cancer effects
observed in humans exposed to Libby Amphibole asbestos. Smith (1978) reported increased
incidence of mesotheliomas in hamsters after intrapleural injections of Libby Amphibole
asbestos. Additionally, studies in laboratory animals (rats and hamsters) exposed to tremolite via
inhalation (Bernstein et al., 2005; Bernstein et al., 2003; Davis et al., 1985), intrapleural injection
(Roller et al., 1997, 1996; Davis et al., 1991; Wagner et al., 1982; Smith et al., 1979) or
implantation (Stanton et al., 1981) have shown increases in mesotheliomas and lung cancers.

Tremolite from various sources was used and varied in fiber content and in potency (see
Section 4.2, Appendix D). Although McConnell et al. (1983b) observed no increase in
carcinogenicity following oral exposure to nonfibrous tremolite, the ability of this study to
inform the carcinogenic potential of fibrous tremolite through inhalation is unclear, and these
study results contribute little weight to the evaluation of the carcinogenicity of fibrous Libby
Amphibole asbestos.

The available mechanistic information suggests Libby Amphibole asbestos induces
effects that may play a role in carcinogenicity (see Section 4.3.4, Appendix D). Several in vitro
studies have demonstrated oxidative stress and genotoxicity following Libby Amphibole
asbestos exposures in various cell types (Duncan et al., 2010; Hillegass et al., 2010; Pietruska et
al., 2010; Blake et al., 2007). Libby Amphibole asbestos increased intracellular ROS in both
murine macrophages and human epithelial cells (Duncan et al., 2010; Blake et al., 2007).

Additionally, surface iron, inflammatory marker gene expression and aneugenic micronuclei
were increased following exposure to Libby Amphibole asbestos in human epithelial cells

(Duncan et al., 2010; Pietruska et al., 2010). Tremolite studies demonstrate cytotoxic and
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clastogenic effects (e.g., micronucleus induction and chromosomal aberrations) of the fibers in
various cell culture systems.

In summary, the epidemiologic data demonstrate an association between exposure to
Libby Amphibole asbestos and increased cancer risk. Supporting evidence of carcinogenic
potential was observed in the limited number of laboratory animal studies exposed to Libby
Amphibole asbestos or tremolite (see Tables 4-15 and 4-16 summarizing in vivo studies).
Overall, the available evidence supports the conclusion that Libby Amphibole asbestos is

carcinogenic to humans.

4.6.2. Mode-of-Action Information
4.6.2.1. Description of the Mode-of-Action Information

EPA guidance provides a framework for analyzing the potential mode(s) of action by
which physical, chemical, and biological information is evaluated to identify key events in an
agent’s carcinogenicity (U.S. EPA, 2005a). Agents can work through more than one mode of

action (MOA), and MOA can differ for various endpoints (e.g., lung cancer versus
mesothelioma). Reasonably, the analysis of a MOA would start with some knowledge of an
agent’s biological activity that leads to cellular transformation resulting in carcinogenicity.
Although early steps in the process often can be identified, carcinogenicity is a complex process
resulting from multiple changes in cell function. Due to the limited data available specific to
Libby Amphibole asbestos, the mode of action of Libby Amphibole asbestos for lung cancer and
mesothelioma following inhalation exposure cannot be established.

Research on various types of mineral fibers supports the role of multiple biologic
responses following exposure to asbestos in general (i.e., chronic inflammation, generation of
ROS, direct genotoxicity, and cytotoxicity and cellular proliferation) in the carcinogenic
response to mineral fibers. However, the complexities of fiber toxicity make it difficult to define
modes of action for asbestos, in general [as reviewed in Aust et al. (2011); Mossman et al.
(2011); Huang et al. (2011); Bunderson-Schelvan et al. (2011); Broaddus et al. (2011)]. Further,
limitations in early study design and presentation of the results hinder understanding of mode
and mechanism of action for specific fiber types. Most studies lack information on the
characterization of fibers and cell types used, hindering understanding of the mode(s) of action.
Particularly of importance is the route of exposure utilized in the in vivo studies, as results
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obtained from nonphysiologically relevant routes of exposure (i.e., intraperitoneal injection,
gelatin implant) may not accurately reflect the response in occupational inhalation exposures.

Occupational studies demonstrate human health effects (e.g., lung cancer, mesothelioma)
following exposure to Libby Amphibole asbestos. Although the limited mechanistic data
demonstrate biological effects similar to those of other mineral fibers following exposure to
Libby Amphibole asbestos, the existing literature are insufficient to establish a mode of action
for Libby Amphibole asbestos for lung cancer or mesothelioma. These biological effects
following exposure to Libby Amphibole asbestos and/or tremolite are demonstrated in a limited
number of laboratory animal and in vitro studies. Multiple key events for one particular MOA
have not been identified; therefore, the mode of action for Libby Amphibole asbestos

carcinogenicity cannot be established.

4.6.2.2. Application of the Age-Dependent Adjustment Factors

As described above, the mode of action for Libby Amphibole asbestos is unknown. The
weight of evidence does not support a mutagenic mode of action for Libby Amphibole asbestos
carcinogenicity. Therefore, according to EPA’s Supplemental Guidance for Assessing

Susceptibility from Early-Life Exposure to Carcinogens (U.S. EPA, 2005b), the application of

the Age-Dependent Adjustment Factors is not recommended.

4.7. SUSCEPTIBLE POPULATIONS

Certain populations may be more susceptible to adverse health effects from exposure to
Libby Amphibole asbestos. Because the adverse health effects resulting from exposure to Libby
Amphibole asbestos have been, for the most part, studied in occupational cohorts of adult white
men (see Sections 4.1.1 and 4.1.3), there is limited information on the effects to a broader
population. A few studies, however, have examined health effects resulting from
nonoccupational exposure in other age groups, in other genders (i.e., females), and in different
race or ethnicity groups. The data from these studies could inform whether any differential risk
exists for these groups (see Sections 4.1.2 and 4.1.4). However, it should be noted that the
ability to distinguish true differences from chance variation in effect estimates is related to the
sample size and statistical power, which, in most cases, is quite limited in these studies. In
addition, genetic polymorphisms, preexisting health conditions, and differences in nutritional
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status may alter an individual’s response to Libby Amphibole asbestos. Finally, coexposures to
other substances (e.g., tobacco smoke or particulate matter) may increase an individual’s risk of
adverse health effects from exposure to Libby Amphibole asbestos. Where data are available,
each of these factors is discussed below with respect to increased susceptibility to noncancer
effects and cancer from exposure to Libby Amphibole asbestos, and where information specific
to Libby Amphibole asbestos is not available, the general literature on the toxicity of mineral
fibers is briefly referenced.

There are also factors that may influence one’s exposure potential to asbestos based on
lifestage or other defined population. For example, children spend more hours outside and may

engage in activities which impact exposure level compared to adults (U.S. EPA, 2006b; NRC,

1993). Because lifestage and activity patterns can increase the potential for health effects from
exposure, these factors define those who may be more susceptible to health effects due to greater
exposure. Section 2.3 discusses this exposure potential, including how children workers,

household contacts and residents may be exposed to Libby Amphibole asbestos.

4.7.1. Influence of Different Lifestages on Susceptibility

Individuals at different lifestages differ from one another physiologically, anatomically,
and biochemically. Individuals in early and later lifestages differ markedly from adulthood in
terms of body composition, organ function, and many other physiological parameters, which can
influence the toxicokinetics and toxicodynamics of chemicals and their metabolites in the body

(Guzelian et al., 1992). This also holds true for mineral fibers, including asbestos fibers (see

Section 3). This section presents and evaluates the literature on how individuals in early or later
lifestages might respond differently and thus potentially be more susceptible to adverse health

effects of Libby Amphibole asbestos exposure.

4.7.1.1. Lifestage Susceptibility
Humans in early lifestages (i.e., conception through adolescence) can have unique
susceptibilities compared to those in later lifestages because they undergo rapid physiological

changes during critical periods of development (Selevan et al., 2000). Furthermore, they are

often exposed to xenobiotics via unique exposure pathways (i.e., transplacental transfer and
breast milk ingestion) (U.S. EPA, 2006b; NRC, 1993). Although no data exist for Libby
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Amphibole asbestos, limited observations in stillborn infants indicate occurrence of
transplacental transfer of tremolite (Haque et al., 1998; 1996) and other asbestos and nonasbestos
fibers (Haque et al., 1998; Haque et al., 1996; Haque et al., 1992; Haque et al., 1991). Haque et

al. (1992) hypothesized that maternal health conditions might influence the translocation of
fibers, as some of the mothers had preexisting health conditions. Transplacental transfer of
asbestos also has been demonstrated in animals following maternal exposure by gavage (Haque

et al., 2001) or injection (Haque and Vrazel, 1998; Cunningham and Pontefract, 1974) (see

Section 3). These studies did not evaluate sources or levels of exposure, and injection studies are
a less relevant route of exposure than inhalation. Based on these studies, Libby Amphibole
asbestos fibers may be transferred through the placenta, resulting in prenatal exposure at any
stage of fetal development.

Increased lung deposition of fibers in children compared with adults has been observed
(Bennett et al., 2008; Isaacs and Martonen, 2005; Asgharian et al., 2004; Phalen and Oldham,
2001; Oldham et al., 1997; Schiller-Scotland et al., 1994; Phalen et al., 1985). Nasal deposition
of particles was shown to be lower in children compared to adults—particularly during exercise

(Becquemin et al., 1991). The lung and nasal depositional differences are due in part to

structural differences across lifestages, which can change the depositional pattern of different
fiber sizes and possibly alter the site of action and result in differential clearance and subsequent
health effects. It is unclear, however, whether the lung surface, body weight, inhalation volume,
or exposure patterns are most determinative of dose. One study reported that the ratio of lung
surface area to body weight does not differ considerably for a 10-month old, a 9-year old, and an

adult (Short, 1952). Another study suggested that deposition of fine particles (2-um mass

median aerodynamic diameter, which is in the size range of those for Libby Amphibole asbestos
reported in Table 2-2) in the lung is increased for overweight (>95™ percentile BMI) children
who breathe more at rest compared to underweight children (<25™ percentile BMI) (Bennett and
Zeman, 2004).

There are few studies analyzing noncancer outcomes in children exposed to Libby

Amphibole. A Libby medical screening program collected data on 7,307 participants, including

600 children aged 10-17 years old, representing 8.2% of the cohort (Peipins et al., 2003).

Pulmonary function tests showed that none of these children had moderate or severely restricted
lung function (ATSDR, 2002, 2001b). This study also studied chest radiographs for those
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