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Chapter 1 Summary Tables

A summary of health- and welfare-based values from an evaluation of the acute and chronic toxicity of
crystalline silica can be found in Table 1. Summary information on the physical/chemical parameters of
crystalline silica can be found in Table 2.

Table 1. Health- and Welfare-Based Values

Short-Term Values

Concentrations

Notes

“HCESL[1 h]

14 pg/m’*
Short-Term ESL for Air

Critical Effects: respiratory inflammation—
increased neutrophils and lactate

(HQ =0.3) h - dehydrogenase in bronchoalveolar lavage
Permit Reviews fluid in Crl:CD BR rats (male)

Acute ReV (HQ = 1.0) 47 pg/m’

CUCEST dor - There are no odors associated with silica.

acwepgp . No negative impacts of silica were identified
vee in plants.

Long-Term Values Concentrations Notes

) T 0.60 pg/m’®

(HQ=0.3) Critical Effect: silicosis in miners

Chronic ReV (HQ = 1.0) 2.0 ug/m*®

chronicE SLlinear(c)

0.27 pg/m’® ™°

Long-Term ESL for Air
Permit Reviews

Cancer Endpoint: lung cancer mortality in
silica-exposed workers

chronicE S L
veg

No negative impacts of silica were identified
in plants.

*Values apply to respirable silica < 10 pm in diameter
®Values apply to respirable silica < 4 pm in diameter
¢ Based on unit risk factor (URF) = 3.6 E-05 per pg/m’ and a risk level of 1 in 100,000 excess cancer risk

Abbreviations: ug/m3, micrograms per cubic meter; h, hour; ESL, Effects Screening Level; ReV, Reference Value;
AUCES Lgeneric, acute health-based ESL based on generic threshold of concern approach; ***“ESLgor, acute odor-
based ESL; *"“ESLy,.g, acute vegetation-based ESL; °hr°"i°ESLn0n.inear(nc), chronic health-based ESL for nonlinear
dose-response noncancer effects; °'"°"i°ESL.i,.ear(c), chronic health-based ESL for linear dose-response cancer effects;
°hr°“i°ESLnunli“ear(c), chronic health-based ESL for nonlinear dose-response cancer effects; chr"“icESLveg, chronic
vegetation-based ESL; HQ, hazard quotient
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Table 2. Chemical and Physical Data

Parameter Value Reference

Molecular Formula SiO, ChemFinder 2004
Molecular Weight 60.0848 ChemFinder 2004
Physical State Solid granules ChemFinder 2004

Color Off-white Mallinckrodt Chemicals 2006
Odor Odorless Mallinckrodt Chemicals 2006
CAS Registry Numbers 14808-60-7 (quartz)

14464-46-1 (cristobalite)
1317-95-9 (Tripoli)
15468-32-3 (tridymite)

ChemFinder 2004
CalEPA 2005; ACGIH 2006

Synonyms/Trade Names

Agate; Onyx; Quartz; Silica;
Crystallized Silicon dioxide;
Sand; Flint; Silica Flour,
Cristobalite; Tripoli; Tridymite.

Mallinckrodt Chemicals 2006
ChemFinder 2004; ACGIH 2006

Solubility in water

Insoluble

ChemFinder 2004

Log Kow

Not available

Vapor Pressure

10 mmHg @ 1732°C

Mallinckrodt Chemicals 2006

Vapor Density (air = 1)

Not available

Density (water = 1)

2.2

ChemFinder 2004

ChemFinder 2004/NIOSH 1994a,

Melting Point 1703-1713°C b, and ¢/ Fisher Scientific
Material Safety Data Sheet
ChemFinder 2004/ Fisher

Boiling Point 2230°C Scientific Material Safety Data

Sheet
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Crystalline
Si ||Ca Crystalline Silica Concentration in Air
Health Effects (micrograms per cubic meter (ug/m®)
an d Short-Term Exposure Long-Term Exposure
(less than 14 days) (months to years)
Regulatory
Levels 100,000
OSHA 15-minute standard 10,000 pg/m?®
respirable dust 10,000
1,000
100 OSHA 8-hour TWA Standard 100 pg/m?®
3
TCEQ 1-hour acute ReV47pg/m> ———_ | NIOSH 8-hour TWA Recommended
TCEQ 1-hour short-term ESL 14 ug/m3 —— Level 50 uq/m3
10
Calculated Ambient Concentrations (ug/m®)
) ~ (USEPA 1996) —___ TCEQ chronic ReV 2.0 pg/m®
Average ambient crystalline silica 1.9 1
Range of silica air concentrations in
urban/suburban areas 03t05 —————— TCEQ long-term ESL 0.27 pg/m**
0.1
Measured Ambient Concentrations (ug/m?)
(Hardy and Weill 1995)
Range 0.6t01.5 0.01
*based on arisk level of 1in 100,000 excess cancer risk

Figure 1. Crystalline Silica Health Effects and Regulatory Levels

This figure compares silica’s acute toxicity values (acute ReV and health-based, short term ESL) and
chronic toxicity values (chronic ReV and long-term ESL) found in Table 1 to OSHA’s and NIOSH’s
occupational values. Calculated ambient concentrations were obtained from USEPA (1996) and measured
ambient concentrations were obtained from Hardy and Weill (1995).

Abbreviations used: TCEQ, Texas Commission on Environmental Quality; TWA, Time-Weighted
Average; ESL, Effects Screening Level; ReV, Reference Value; OSHA, Occupational Safety and Health
Administration; NIOSH, National Institute of Occupational Safety and Health
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Chapter 2 Major Sources or Uses

Crystalline silica occurs in three primary forms, quartz, cristobalite, and tridymite, and exposure occurs
primarily in the workplace. Respirable quartz is present in 255 industries, including mining, foundries,
metallurgical operations, ceramics, cement, and glass industries, construction, sandblasting, agriculture,
and denture manufacture (HSDB 2005). There are several additional rare forms of crystalline silica,
including tripoli, which are generally used as abrasives. Emissions of ambient crystalline silica generally
occur as a fractional component of particulate emissions (Figure 1) (USEPA 1996).

Chapter 3 Acute Evaluation

3.1 Health-Based Acute ReV and ESL

Because most silica exposure occurs in the workplace, occupational safety agencies have established
limits for occupational exposure to silica. Most agencies consider crystalline forms and amorphous or
other non-crystalline forms of silica separately. The National Institute for Occupational Safety and Health
(NIOSH) recommends an exposure limit of 0.05 mg/m? for crystalline silica and 6 mg/m’ for amorphous
silica. The current permissible exposure limit (PEL) set by the Occupational Safety and Health
Administration (OSHA) for crystalline silica is 0.1 mg/m’ (Figure 1), whereas the PEL for amorphous
silica is 0.8 mg/m’. In contrast, the American Conference of Governmental Industrial Hygienists
(ACGIH) has set a threshold limit value (TLV) of 0.025 mg/m’ for crystalline silica only and has
indicated that there is insufficient information to set a limit for amorphous silica.

The critical effect of acute exposure to silica is increased inflammation and cytotoxicity in the respiratory
tract. The key study exposed animals to crystalline silica as quartz. However, supporting studies indicate
similar inflammation and cytotoxicity following exposure to other forms, including cristobalite, and
amorphous silica. These results showed that the crystalline forms of silica dust are more potent in
producing pulmonary inflammation compared with amorphous or other non-crystalline forms of silica
(Warheit et al. 1995). The toxicity factors for amorphous and non-crystalline silica will be developed in a
separate Development Support Document (DSD).

3.1.1 Physical/Chemical Properties and Key Studies

3.1.1.1 Physical/Chemical Properties

The main chemical and physical properties of silica are summarized in Table 2. Silica is an off-white
granule that occurs naturally in various crystalline and amorphous or other non-crystalline forms (USEPA
1996). Crystalline silica is characterized by silicon dioxide (SiO,) molecules oriented in fixed, periodic
patterns to form stable crystals (NIOSH 1974). The primary crystalline form of silica is quartz. Other
crystalline forms of silica include cristobalite, tripoli and tridymite.

Particle size is a key determinate of silica toxicity, since toxicity is restricted to particles that are small
enough to be deposited into the target regions of the respiratory tract. The acute studies discussed below
evaluated the effects of silica particles that ranged in size from 1-4 pm in mass median aerodynamic
diameter (MMAD). Because this is the mass median particle size range (ie: animals were exposed to
larger and smaller particles) and bronchoalveolar lavage (BAL) fluids represent both the tracheobronchial
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and pulmonary regions of the lung, the acute toxicity factors developed will apply to all silica particles
less than or equal to the median cut point for the thoracic region of 10 um.

3.1.1.2 Essential Data and Key Studies

Acute silicosis, or silicoproteinosis, is a very rare and highly fatal lung disease. It results from massive
over-exposure to inhaled silica over a short time, without effective respiratory protection. Acute silicosis
is caused by filling of the lung’s airspaces with fluid-containing debris from dismembered cells of the
respiratory tract and lung. This condition is similar to pulmonary edema, and its symptoms include severe
shortness of breath, with fluid accumulation in all lobes of the lung. Silico-tuberculosis is a serious side
effect, with death occurring months after exposure and diagnosis. America’s worst disaster with acute
silica overexposure occurred during the drilling of the Gauley Bridge hydroelectric tunnel during 1930-31
in West Virgina, leading to acute silicosis in nearly 2000 workers (Cherniak 1986). In the early 1990s,
there was a second outbreak of acute silicosis among hundreds of sandblasters in the oil industry in
Midland-Odessa, Texas (Abraham and Weisenfeld 1997). Although there were some silica dust
measurements in the early 1990s indicating between four and seven times the OSHA PEL of 0.1 mg/m’,
there were no reproducible levels of quartz for risk analysis. Hence, there are no human sources for
development of risk assessment, and animal studies were used to develop the acute ReV and ESL. Animal
studies investigated the following crystalline forms of silica:

e quartz (Warheit et al. 1991, Porter et al. 2001, Castranova et al. 2001, Porter et al. 2002a, and

Porter et al. 2002b); and
e cristobalite (Warheit et al. 1995).

Warheit et al. (1991) was chosen as the key study because it included a well-conducted evaluation of the
effects of acute exposure (6 hours (h)) (see Section 3.1.1.2.1), whereas the supporting studies examined
subacute exposures (6 hours/day (h/d) for either 3 days or 5 days) (see Section 3.1.1.2.2).

3.1.1.2.1 Key Acute Study

Animal data indicate that acute and subacute crystalline silica exposures can elicit pulmonary
inflammatory responses. Warheit et al. (1991) exposed male Crl:CD BR rats to 10, 50, or 100 mg/m’
quartz (MMAD = 3.7 um) or carbonyl iron particles (MMAD = 3.6 um) for 6 h or for 6 h/d for 3 days
(d). Quartz was purchased as Min-U-Sil, a high quality, commercially available crystalline silica that is
generally greater than 99% pure silicon dioxide. Three animals exposed to 10 mg/m’ silica, 3 animals
exposed to 50 mg/m’ silica, 6 animals exposed to 100 mg/m’ silica, and 14 sham animals were evaluated
at 0, 24, and 48 h post-exposure as well as 1, 2, and 3 months post-exposure. The study assessed various
endpoints, including inflammation, cytotoxicity, and histopathology. Because the 6-h exposure duration is
considered an acute exposure, this study was selected as the key study.

Rats exposed to 50 mg/m” silica for 6-h exhibited a sustained pulmonary inflammatory response. Rats
exposed to 10 mg/m’ silica for 6-h did not exhibit an initial inflammatory response, although the authors
noted increased neutrophils in these animals at 1 and 3 months post-exposure. Similarly, alkaline
phosphatase (ALP) activity, a marker of tissue damage and type II pneumocyte differentiation, did not
initially differ significantly from controls in animals exposed to 10 mg/m’; however, ALP activity was
increased by 1 month post-exposure. Lactate dehydrogenase (LDH), a marker of cytotoxicity, increased in
a concentration-dependent manner within 24-h after exposure and remained elevated up to 3 months post-
exposure. Protein concentrations in BAL fluids did not differ from controls in animals exposed to 10
mg/m’ silica. Interestingly, in vitro phagocytosis by macrophages was increased in animals exposed to 10
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mg/m’ silica but decreased in animals exposed to the two higher concentrations compared to controls.
Animals exposed to the varying concentrations of silica for 6-h developed pulmonary lesions, but there is
no discussion of concentration-specific effects. The delayed increases in inflammation and cytotoxicity
and the potential for the development of pulmonary lesions led the TD to consider 10 mg/m” to be the
lowest-observed-adverse-effect-level (LOAEL) and the relevant point of departure (POD).

3.1.1.2.2 Supporting Subacute Studies

Several repeat exposure, subacute studies support the key study and are discussed for comparison
purposes. Warheit et al. (1995) examined the effects of short-term inhalation exposure of two different
forms of crystalline silica and amorphous silica free of crystalline contamination. Groups of 24 CD rats
were exposed to either 10 or 100 mg/m’ of cristobalite (MMAD = 3.4-3.6. um), Min-U-Sil 5 (MMAD =
3.3-3.5 um), or amorphous silica (MMAD = 2.4-3.4 um) for 6 h/d for 3 d. The study by Warheit et al.
(1995) assessed the presence of granulocytes in BAL fluids as a marker of inflammation. Inflammation
was observed at 24-h post-exposure to both concentrations of cristobalite and amorphous silica. However,
the inflammation resolved by 8-d post-exposure in animals exposed to amorphous silica but remained in
animals exposed to cristobalite. Therefore, 10 mg/m” is the POD and is considered a LOAEL.

A series of subacute studies (Porter et al. 2001; 2002a; 2002b and Castranova et al. 2001) evaluated the
time course of pulmonary responses in rats following exposure to Min-U-Sil 5. The researchers exposed
male Fisher 344 rats to either 15 mg/m’® Min-U-Sil 5, determined to be greater than 98.5% quartz by
proton-induced x-ray spectrometry, or filtered air (controls) for 6 h/d, 5 days/week (d/wk) for up to a total
of 116 d. The MMAD of the quartz particles was consistently less than 2 um. Subgroups of rats were
euthanized and examined after 5, 10, 16, 20, 30, 41, 79, and 116 d of exposure. The series of studies
assessed a wide variety of endpoints, including cellular damage, inflammation, activation of transcription
factors, cytokine production, fibrosis, and production of oxidants. Early effects, including cellular
damage, inflammation, and cytokine production, occurred after 5 d of exposure in rats exposed to 15
mg/m’. Therefore, 15 mg/m’ is considered a LOAEL and the relevant POD.

3.1.2 Mode-of-Action (MOA) Analysis

Acute silica exposure causes respiratory tract inflammation. Numerous inflammatory mediators have been
associated with silica toxicity, including interleukins, tumor necrosis factor-a., transforming growth factor
B, chemokines, adhesion molecules, and nitric oxide (Rao et al. 2004). A recent study by Cassel et al.
(2008) indicates that the Nalp3 inflammasome may be essential for silica-induced secretion of the pro-
inflammatory cytokine, interleukin 1. This and other inflammatory mediators recruit polymorphonuclear
lymphocytes (PMNs) into the lung. This response has been documented via BAL in coal miners exposed
to an average of 0.046 + 0.029 mg/m’ crystalline silica (Kuempel et al. 2003).

Crystalline silica also stimulates a respiratory burst in alveolar macrophages, leading to elevated
production of reactive oxygen species (ROS) (Ding et al. 2002). The importance of ROS in silica-induced
inflammation is supported by experiments that have shown that suppressive oligonucleotides that block
ROS production by macrophages reduce the pulmonary damage associated with acute silicosis in mice
(Sato 2008). Oxidative stress, resulting from ROS, leads to the production of antioxidant compounds,
such as inducible nitric oxide synthase (iNOS), glutathione peroxidase and superoxide dismutase (SOD)
(Fubini and Hubbard 2003). This response has also been documented in coal miners whose quartz lung
burdens were shown to be a significant predictor of SOD levels in BAL fluids (Kuempel et al. 2003).
Silica may also evoke oxidative stress through the pentose phosphate pathway, a primary antioxidant



Silica, Crystalline Forms
Page 11

pathway in the cell. Polimeni et al. (2008) have recently shown that quartz inhibits the activity of glucose
6-phosphate dehydrogenase, an enzyme that catalyzes the first step in the pentose phosphate pathway.
Interestingly, inhibition of this enzyme did not occur under short-term exposure (1 h) to silica.

Another potential mechanism of silica toxicity, which may be secondary to oxidative stress, is activation
of transcription factors. Silica has been shown to activate nuclear factor-xB (NF-xB) in a time- and dose-
dependent manner. NF-«B is a transcription factor associated with the transcription of several
inflammatory mediators, including cyclooxygenase (COX) II. The COX II enzyme is considered the rate-
limiting step for prostaglandin E, (PGE,) formation, a mediator of inflammation following infection or
tissue injury (Ding et al. 2002). It is assumed that a certain amount of silica (threshold) is required to
initiate transcription factors and the inflammatory cascade. Therefore, a nonlinear, threshold dose-
response was applied for the development of an acute toxicity factor.

Studies in rats, mice, and hamsters after exposure to crystalline silica were discussed by Rabovsky (1997)
and Saffiotti et al. (1993). Rabovsky noted that markers of silica-induced toxicity in experimental
animals, particularly rats, were similar to those exhibited by humans. In fact, animal models may provide
a model for resistant human populations (Rabovsky 1997; Saffiotti et al. 1993). Therefore, the findings in
rats are relevant to humans.

3.1.3 Dose Metric

In the key and supporting studies, data on exposure concentration of the parent chemical are available.
Estimates for the tissue concentration of silica were provided by Warheit et al. (1991). However, those
estimates were only provided for the highest silica concentration. Since data on more specific dose
metrics, such as tissue concentration or particle surface area, are not available for all concentrations in the
key study or for any concentrations in the supporting studies, exposure concentration of the parent
chemical will be used as the default dose metric.

3.1.4 PODs for the Key and Supporting Studies

The acute key study by Warheit et al. (1991) exposed rats to 10, 50, and 100 mg/m’ silica as quartz for 6
h. The delayed increases in inflammation and cytotoxicity and the potential for the development of
pulmonary lesions led the TD to consider 10 mg/m’ to be the LOAEL and the relevant POD.

In the study by Warheit et al. (1995), inflammation was observed in rats 24-h post-exposure to both 10
and 100 mg/m’ of cristobalite and amorphous silica for 6 h/d for 3 d. However, the inflammation resolved
by 8-d post-exposure in animals exposed to amorphous silica but remained in animals exposed to
cristobalite. Therefore, 10 mg/m” is considered a LOAEL and the relevant POD.

In the series of subacute studies by Porter et al. (2001; 2002a; 2002b) and Castranova et al. (2001) rats
were exposed for 6 h/d for various durations, but adverse effects after exposure for 5-d were assessed for
this evaluation. Rats exposed to 15 mg/m’ showed evidence of inflammation and cell damage within 5
days of exposure. Therefore, 15 mg/m’ is considered a LOAEL and the relevant POD.
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3.1.5 Dosimetric Adjustments

3.1.5.1 Default Exposure Duration Adjustments

The 6-h exposure duration (C,) in the key study by Warheit et al. (1991) was adjusted to a PODxp; of 1-h
exposure duration (C,) using Haber’s Rule as modified by ten Berge et al. (1986) (C," x T; = C," x T,)
with n = 3, where both concentration and duration play a role in toxicity:

C,=[(C1)*x (T,/ T2)]"* = [(10 mg/m*)’ x (6 b/1 h)]"* = 18.2 mg/m’ = PODAp,

Similar calculations were conducted for each supporting subacute study for comparison and are presented
in Appendix 1 for comparison. The PODp; for each subacute study is as follows:

e 18.2 mg/m’ (Warheit et al. 1995)

e 27.2 mg/m’ (Porter et al. 2001; 2002a; 2002b and Castranova et al. 2001)

3.1.5.2 Default Dosimetry Adjustments from Animal-to-Human Exposure

As noted in Table 2, silica is a solid granule. Therefore, the Chemical Industry Institute of Toxicology
(CIIT) Centers for Health Research and National Institute for Public Health and the Environment (RIVM)
2002 multiple path particle dosimetry model (MPPD) v 2.0 program (CIIT and RIVM 2002) was used to
calculate the deposition fraction of silica in the target respiratory region. Parameters necessary for this
program are particle diameter, particle density, chemical concentration, and pulmonary regions
considered. According to Warheit et al. (1991), the MMAD of the silica used in their study was 3.7 um
with a geometric standard deviation of 1.5. The particle density is 2.2 g/cm® (Table 2). The chemical
concentration is the PODapy of 18.2 mg/m3 . Because the silica particles are small enough and the critical
effects were identified from BAL fluids, the target region for silica was considered to be the total particle
distribution for the tracheobronchial and pulmonary regions. All remaining values used were default.
Once the total particle distribution was determined (Appendix 2), the Regional Deposition Dose Ratio
(RDDR) was calculated as follows:

(Ve)a DF, NFy
RDDR = I x[ 1 x[ ]
(Ve DFy NFA
where: Vg = minute volume
DF = deposition fraction in the target region of the respiratory tract
NF = normalizing factor
A = animal
H human
137.3 mL/min 0.111 543,200 cm’
RDDR =[ 1 x [ 1x [ 1=0.775
13,800 mL/min 0.226 3422.5 cm’

The RDDR was then used to dosimetrically adjust from an animal POD to a human equivalent
concentration POD (PODygc).
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PODygc = PODapy x RDDR = 18.2 mg/m’ x 0.775 = 14.1 mg/m’ = 14,100 pg/m’

Similar calculations were conducted for each supporting subacute study and are presented in Appendix 1
for comparison. The PODygc for the subacute study series is as follows:

e 15,800 pg/m’ (Warheit et al. 1995)

e 26,700 ug/m’ (Porter et al. 2001; 2002a; 2002b and Castranova et al. 2001)

3.1.6 Critical Effect and Adjustments to the PODygc

3.1.6.1 Critical Effect

As indicated in Section 3.1.1.2.1, data suggest that pulmonary inflammation is the most sensitive endpoint
for short-term exposure to silica. The specific critical effects of silica exposure in the key study (Warheit
et al. 1991) are a delayed increase in neutrophils (marker of inflammation) and increased LDH levels
(marker of cytotoxicity) in BAL fluid from male Crl:CD BR rats exposed to > 10 mg/m’ silica for 6 h.
These effects are likely to be the same in humans, based on the clinical evidence from the Gaully Bridge
(Cherniak 1986) and Midland-Odessa (Abraham and Weisenfeld 1997) episodes.

3.1.6.2 Uncertainty Factors (UFs)

The MOA by which silica may produce toxicity is discussed in Section 3.1.2. The default for
noncarcinogenic effects is to determine a POD and apply appropriate UFs to derive a ReV (i.e., assume a
threshold/nonlinear MOA).

The following UFs were applied to the PODygc derived from the key study by Warheit et al. (1991): 3 for
extrapolation from a LOAEL to a NOAEL (UF,), 3 for interspecies extrapolation (UF,), 10 for
intraspecies variability (UFy), and 3 for database uncertainty (UFp).

e The link between the inflammation and cytotoxicity noted in the key study and clinical outcomes
is unknown. However, the study noted that the phagocytic activity of macrophages, presumably a
protective mechanism promoting the clearance of silica, was increased by exposure to 10 mg/m’
silica. In addition, the default exposure duration adjustment using Haber’s Rule with an exponent
of 3 tends to be conservative. Therefore, a moderate UF factor of 3 was used for extrapolation
from a LOAEL to a NOAEL.

o A UF, of 3 was used for extrapolation from animals to humans, because default dosimetric
adjustments using the RDDR were conducted to account for toxicokinetic differences but not
toxicodynamic differences.

e Because human data were insufficient to develop a toxicity factor, animal data were used and the
variability of the acute response in humans is unknown. As a result, a full factor of 10 was used
for the UFy to account for potential sensitive human subpopulations, such as those with existing
pulmonary inflammation due to other causes.

¢ Finally, a moderate UFp, of 3 was used to account for the lack of acute studies in other species
and very few animals i.e., 3, 3 and 6 animals were exposed, respectively, to 10, 50 and 100
mg/m’ exposure groups.

e The total UFs applied to the PODygc were 300.
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acute ReV = PODHEC / (UFL X UFA X UFH X UFD)
= 14,100 pg/m’/ (3 x 3 x 10 x 3)
=47.0 pg/m’

Similar calculations were conducted for each supporting subacute study and are presented in Appendix 1
for comparison. The ReV for each subacute study is as follows:

e 527 ug/m® (Warheit et al. 1995)

e 26.7 ug/m’ (Porter et al. 2001; 2002a; 2002b and Castranova et al. 2001)

3.1.7 Comparison of Results

The key and supporting studies investigated the risk of respiratory tract inflammation associated with
exposure to crystalline forms of silica. The acute ReV calculated for the key study is 47.0 pg/m’
compared to the supporting study values of 52.7 ug/m’ (Warheit et al. 1995) and 26.7 pg/m’® (Porter et al.
2001; 2002a; 2002b and Castranova et al. 2001) (see Appendix 1). The value based on the Warheit et al.
(1995) study is similar to the ReV derived for the key study. The value based on the study series by Porter
et al. (2001, 2002a, 2002b) and Castranova et al. (2001) is lower than the key study, but is not preferred
because rats were exposed for 5 d to only one concentration. Even with the uncertainties surrounding the
subacute studies, the values differ by less than a factor of two from the value obtained for the key study.
Therefore, the acute ReV of 47.0 pg/m’ based on the key study by Warheit et al. (1991) is selected.

3.1.8 Health-Based Acute ReV and *"“ESL

The acute ReV was rounded to two significant figures at the end of all calculations. The rounded acute
ReV was then multiplied by 0.3 to calculate the “**ESL. Rounding to two significant figures at the end of
all calculations yields an acute ReV of 47 ug/m’. At the target hazard quotient (HQ) of 0.3, the “““ESL is
14 pg/m’ (Table 3).
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Table 3. Derivation of the Acute ReV and *"*“ESL

Study Warheit et al. (1991)
Study population Crl:CD BR rats (male)
Study quality High
Exposure Methods Inhalation
LOAEL 10 mg/m’
NOAEL None
Critical Effects Increased neutrophils and lactate dehydrogenase in
bronchoalveolar lavage fluid
POD pimal 10 mg/m’ (LOAEL)
Exposure Duration 6 h/d
Extrapolation to 1 h Haber’s Rule n =3
POD p; (extrapolated 1-h concentration) 18.2 mg/m’
PODygc 14.1 mg/m’ (RDDR = 0.775)
Total Uncertainty Factors (UFs) 300
Interspecies UF | 3
Intraspecies UF | 10
LOAEL UF | 3
Incomplete Database UF | 3
Database Quality | Moderate
acute ReV [1 h] (HQ=1) 47 pg/m’
autESL [1 h] (HQ = 0.3) 14 pg/m’

3.2. Welfare-Based Acute ESLs

3.2.1 Odor Perception
There are no odors associated with silica (Mallinckrodt Chemicals 2006).

3.2.2 Vegetation Effects

No negative impacts of airborne silica were identified in plants. Therefore, no “*“ESL,e, was developed.

3.3. Short-Term ESL

The acute evaluation resulted in the derivation of the following values:
e acute ReV =47 pg/m’
o “UESL =14 pg/m’

The short-term ESL for air permit reviews is the health-based “““ESL of 14 ng/m’ (Table 1).
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Chapter 4 Chronic Evaluation
4.1 Noncarcinogenic Potential

4.1.1 Physical/Chemical Properties and Key Study

Physical/chemical properties of silica are discussed in Chapter 3. As with acute exposure, the chronic
toxicity of silica particles is related to particle size. The key study evaluated silicosis in miners exposed to
silica in the size range of 0.5-5 um. In addition, CalEPA noted that the chronic reference exposure level
(REL) for silica is applicable to particles considered respirable as defined by the occupational hygiene
methods described by ACGIH (< 4 pum), noting that this definition differs from the typical environmental
definition of respirable as particles < 10 um (CalEPA 2005). Sufficiently fine (nanosized) particles are
more readily diffused and translocated and probably pose less risk of fibrosis than larger particles.
However, during the air permit review process, information on nanosized particles is not available. The
TD would assume that nanosized particles have been included in the modeled respirable silica emissions
for air permits. Therefore, the TD has chosen to apply the chronic toxicity values developed based on
occupational epidemiology studies to particles <4 pm.

Both human and animal noncarcinogenic studies suggest that silicosis is the most sensitive endpoint for
which data are available to support a dose-response relationship with long-term exposure to silica. Some
studies have indicated possible respiratory obstruction in the absence of radiologically identifiable
silicosis (Humerfelt et al. 1998, Meijer et al. 2001, and Neukirch et al. 1994). However, these studies do
not provide adequate dose-response relationships upon which to base toxicity factors. A more recent
evaluation of respiratory obstruction supports an association with silica exposure in the absence of
silicosis (Rego 2008). However, this cross-sectional study has greater potential for selection bias than
other epidemiological study designs, and the association between respiratory obstruction and silica
exposure was only statistically significant at the highest exposure level (mean = 17.69 mg/m’-yr).
Therefore, this study was also rejected as the basis for developing a toxicity factor for chronic exposure to
silica. Occupational exposure to silica has also been associated with kidney disease, but the data linking
silica exposure and kidney disease are relatively sparse and less substantiated than the data linking silica
exposure to silicosis (Steenland 2005 and McDonald et al. 2005). Additional associations have been made
between occupational exposure to silica and autoimmune disease, including systemic lupus erythematosus
(Finckh et al. 2006), sarcoidosis (Rafnsson et al. 1998), and rheumatoid arthritis (Stolt et al. 2005).
However, data for these endpoints are sparse and insufficient to determine a dose-response relationship.

Because chronic silicosis is the primary disease risk resulting from unprotected workplace exposure to
respirable silica dust, several occupational epidemiology studies have been published. These relevant
human studies were therefore reviewed and used to develop the chronic ReV. Chen et al. (2005) evaluated
4,028 tin miners, 14,417 tungsten miners, and 4,547 pottery workers for their risk of silicosis. However,
the study did not provide sufficient dose-response data upon which to base a toxicity value. In another
study, Churchyard et al. (2004) measured the prevalence of silicosis among 520 South African gold
miners. This study reported an 18.3-19.9% incidence of silicosis, which was associated with length of
service and cumulative exposure. Exposure-response curves for mean intensity of exposure were
relatively flat compared to length of service, suggesting a primary role for duration of exposure within
these dust levels. However, no historical dust data were available to determine cumulative lifetime
exposures associated with this incidence of silicosis.
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In contrast, the key and supporting studies are well-conducted and provide dose-response relationships for
silicosis incidence. The occupational epidemiology study by Hnizdo and Sluis-Cremer (1993) was
selected as the key study for derivation of the ReV, because quartz is the most common form of
crystalline silica (IARC 1997) and the most likely form to which the general public may be exposed. This
study was also used as the basis for CalEPA’s chronic reference exposure level (Collins et al. 2005).

4.1.1.1 Key Epidemiological Study - Hnizdo and Sluis-Cremer (1993)

Hnizdo and Sluis-Cremer (1993) investigated the risk of silicosis in a cohort of 2,235 white, South
African gold miners exposed primarily to crystalline silica as quartz. The miners had 24 years of service
on average from 1940 to the early 1970s and were followed up to 1991 for radiological signs of silicosis.
Cumulative dust exposure was calculated up to the onset of silicosis or the end of exposure based on the
following equation:

2 dusty shifts x mean respirable dust concentration per shift x average # of h underground
270x 8

Average cumulative dust exposure for this cohort was 6.6 = 2.7 mg/m’-yr. According to Hnizdo and
Sluis-Cremer (1993), the average quartz content of the dust was approximately 30%. However, Gibbs and
Du Toitt (2002) indicated that the quartz exposure estimates in the report by Hnizdo and Sluis-Cremer
(1993) were probably underestimated by a factor of about 1.8. Gibbs and Du Toitt (2002) estimated the
actual quartz content would have been approximately 54%, rather than 30%. Silicosis was defined as a
rounded radiographic opacity that reaches the International Labor Organization (ILO) category 1/1. The
ILO classifies the profusion of small opacities on a scale from 0/- to 3/+. The 1/1 classification is 5™ out
of twelve rankings. Radiographs were read blindly in reverse chronological order by two independent
readers. The onset of silicosis was defined as the year when opacities of category 1/1 were first read. In
this cohort, 313 miners (14%) developed signs of silicosis at an average age of 55.9 + 6.9 years. The
average latency period of 35 years was independent of exposure concentration below 11 mg/m’-yr
cumulative dust exposure. The risk of silicosis increased exponentially with increasing cumulative dust
exposure. The dose-response relationship between silica levels and silicosis is amenable to benchmark
dose (BMD) modeling for purposes of developing a chronic noncarcinogenic ReV and ESL.

4.1.1.2 Supporting Epidemiological Study - Hughes et al. (1998)

The occupational epidemiology study by Hughes et al. (1998) was selected as a supporting study for
comparison of another form of crystalline silica to quartz. Hughes et al. (1998) investigated the risk of
silicosis in a cohort of 2,342 Caucasian males employed in the diatomaceous earth industry exposed
primarily to the cristobalite form of crystalline silica. The workers had been employed at a single plant in
California for at least one year during the period between 1942 and 1987. Workers selected for the study
had no known previous asbestos exposure. Estimates of exposure to respirable dust were derived from
quantitative air-monitoring data. The estimated mean respirable dust and crystalline silica concentrations
were 0.93 and 0.80 mg/m’, respectively. For workers hired before 1940, average crystalline silica
exposure was estimated to be 0.76 mg/m’, compared to 0.12 mg/m’ for workers hired after 1960. Silicosis
was defined as agreement between at least 2 of 3 experienced readers of radiographic opacities reaching
ILO category 1/0. There was agreement among the readers, as 5.4%, 6.2%, and 4.1% of workers were
judged to be positive for opacities by each of the three readers. The median reading indicated a 4.5%
prevalence of silicosis (81 out of 1,809 workers with readable x-rays were judged to be positive for
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opacities). The percentage of workers developing opacities differed substantially depending upon decade
of hire. For workers hired before 1940, 23% (35 of 151) developed opacities. For workers hired during
the installation of dust controls between 1940 and 1949, 7% (35 of 482) developed opacities. After 1950,
only 1% (11 of 1,176) of workers developed opacities. In addition, none of the workers hired after 1950
had large opacities. For workers with average crystalline silica exposure less than 0.50 mg/m’, smoking
was significantly related to opacities, with 2.6% of smokers (20 out of 756) developing opacities,
compared to 0.4% of non-smokers (1 out of 269).

4.1.2 MOA Analysis

When poorly soluble silica particles are inhaled, they are deposited in the lung. Silicosis/fibrosis, an
inflammatory disease of the lung, is associated with the long-term inhalation of crystalline silica.
Prolonged deposition of silica particles in the alveoli or bronchioles causes lung inflammation, formation
of fibrotic scar tissue, and degradation of the mucociliary escalator. Castranova (2000) proposed four
possible mechanisms for the initiation and progression of chronic silicosis: 1) direct cytotocity, 2)
stimulation of oxidant production by alveolar macrophages, 3) activation of mediator release from
alveolar macrophages and/or alveolar epithelial cells, and 4) secretion of growth factors for alveolar
macrophages and/or alveolar epithelial cells. Thus, chronic inflammation may be necessary, but is not
sufficient for fibrosis, rather, improper repair of damaged lung tissue is essential for fibrosis. As with
acute inflammation, it is assumed that a certain amount of silica is required to initiate and sustain the
chronic inflammation required to develop silicosis. Therefore, a nonlinear, threshold dose-response is
assumed for the development of fibrosis.

4.1.3 Dose Metric

Risk of silicosis strongly correlates with cumulative silica exposure. Correlations have also been shown
between length of employment in many dusty industries and risk of silicosis (NIOSH 2002). Churchyard
et al. (2004) also noted an association between mean intensity of exposure and silicosis risk. However,
this association was relatively weak; indicating that cumulative exposure over time provides a better
indicator of risk. Therefore, cumulative exposure was used as the dose metric in this evaluation.

4.1.4 PODs for Key and Supporting Studies

4.1.4.1 Key Study

Appendix 3A provides a summary of information used to perform benchmark dose modeling of the
Hnizdo and Sluis-Cremer (1993) silicosis data using EPA’s benchmark dose modeling software (version
1.4.1b). Briefly, the Hnizdo and Sluis-Cremer (1993) data were entered according to the table in
Appendix 3A, which is adapted from Table IV in the original publication. The benchmark concentration
lowo; (BMCLy;)is the 95% lower bound estimate of the concentration at which 1% of the population
develops silicosis. Section 2.6 of the ESL Guidelines (TCEQ 2006) indicates that the level of benchmark
response (BMR) selected should be the lowest dose level that can be supported by the data. The
benchmark response of 1% or BMR; was within the range of the data from the large-scale study by
Hnizdo and Sluis-Cremer (1993). Therefore, the data were modeled at a 1% benchmark response. As
noted in Appendix 3A and summarized in Table 4, there are three models (log-probit, log-logistic, and
multistage) that fit the data with a p-value greater than 0.1. The scaled residuals for the three models are
all less than the absolute value of two, and visual inspection of the model fits in the low-dose region
indicates that these models fit well. However, the Akaike Information Criteria (AIC) values for the
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models are separated by more than a value of 2 (Table 4 and Appendix 3A). Therefore, the model with
the lowest AIC value (log-probit) was selected as the best fitting model. The BMCL,; value of 0.635
mg/m’-yr from the log-probit model represents the cumulative silica concentration associated with a 1%
response level and is the occupational POD (PODgc) used for derivation of the chronic ReV.

There is little difference between BMCL,; values from the different models in Table 4. The values range
from 0.422 mg/m’-yr (highest AIC) to 0.635 mg/m’-yr (lowest AIC)] implying that the difference
between the largest or smallest estimate in Table 4 and the best parameter that can be estimated from
those four points is less than a factor of 1.5. The ratio between the BMCy; and BMCL,, for all models
were less than 1.2 fold. This indicates model uncertainty is low. The scaled residuals at the estimated
response closest to the BMRy, from the log-probit model were much lower than the other models, thus
supporting the BMCLy, results from the log-probit model.

Table 4. BMC Modeling Parameters from Hnizdo and Sluis-Cremer (1993)
BMDS Model | BMCy; | BMCLy; | p-value for fit | AIC | Scaled Residuals *
Log Probit 0.734 0.635 0.9957 1512 -0.167
Gamma 0.646 0.537 0.8546 1515 -0.710

Log Logistic 0.620 0.519 0.8446 1515 -0.825
Multistage 0.485 0.422 0.5017 1517 -0.886

*Scaled residuals at estimated response closest to the BMRy,

The BMCL,; value of 0.635 mg/m’-yr was based on the estimates of cumulative (respirable) dust
exposure for the cohort of gold miners assuming the dust contained an average quartz content of
approximate 30%. However, according to Gibbs and Du Toitt (2002), the actual quartz content would
have been approximately 54%, rather than the 30% (see Section 4.1.1.1). Therefore, it would be more
appropriate to multiply the BMCL, value of 0.635 mg/m’-yr by a ratio of 54/30. Accordingly, the
adjusted BMCL, value is 1.143 mg/m’-yr and was used as a PODoc ap;.

4.1.4.2 Supporting Study

Appendix 3B provides a summary of information used to perform benchmark dose modeling on the
silicosis data from the Hughes et al. (1998) study. Briefly, the Hughes et al. (1998) data were entered
according to the table in Appendix 3B, which were obtained using the raw data provided by Dr. Harvey
Checkoway (author) via Robert Park (Centers for Disease Control and Prevention). The large-scale study
by Hughes et al. (1998) had sufficient power to calculate the BMCL,;. As noted in Appendix 3B and
summarized in Table 5, there are six models (log probit, log logistic, gamma, Weibull, multistage, and
quantal linear) that fit with a p-value greater than 0.1. The absolute value of the scaled residuals does not
vary greatly from 1, and visual inspection of the model fits in the low-dose region indicates that all
models fit well. The log probit model has the lowest AIC value. Therefore, the BMCL,; value obtained
for the log probit model (0.791 mg/m’-yr) represents the cumulative silica concentration associated with a
1% response level.
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Table 5. BMC Modeling Parameters from Hughes et al. (1998)

BMDS Model | BMCy; | BMCL,,; | p-value for fit | AIC | Scaled Residual*
Log Probit 1.20 0.791 0.8116 529.9 0.100

Log Logistic 0.891 | 0.523 0.6554 531.5 0.149
Gamma 0.848 | 0.455 0.5508 532.5 0.142
Weibull 0.737 | 0.411 0.4844 533.2 0.169
Multistage 0.932 | 0.781 0.3099 535.2 0.206
Quantal Linear | 0.357 | 0.291 0.2743 5353 0.330

* Scaled residuals at estimated response closest to the BMRy,

4.1.5 Dosimetric Adjustments

Using the BMCLs from the key study (Hnizdo and Sluis-Cremer 1993) and the supporting study (Hughes
et al. 1998), the PODsoc ap; were adjusted to PODs applicable to the general population (PODygc) using
the following dosimetric adjustments:

Hnizdo and Sluis-Cremer (1993) key study:
Cumulative PODygc = Cumulative PODgc apy X (VEL/VEy) x (shifts per year,./days per year.)

where: VE,, = occupational ventilation rate for an 8-h day (10 m’/day)
VE, = non-occupational ventilation rate for a 24-h day (20 m*/day)
shifts per year,. = yearly occupational exposure frequency (study specific)
days per year,.; = yearly residential exposure frequency (365 days per year)

Cumulative PODygc = 1.143 mg/m’-yr x (10/20) x (270/365) = 0.423 mg/m’-yr

Yearly occupational exposure frequency and yearly residential exposure frequency were used for the
Hnizdo and Sluis-Cremer (1993) study, because this allowed for extrapolation from PODgc to the
PODygc based on the specific working patterns of the occupational cohort.

Hughes et al. (1998) supporting study:
Cumulative PODygc = Cumulative PODoc apy X (VEL/VEy) x (days per week,./days per week,es)
where: VEj, = occupational ventilation rate for an 8-h day (10 m*/day)
VE, = non-occupational ventilation rate for a 24-h day (20 m*/day)
days per week,. = yearly occupational exposure frequency (5 days per week)

days per week,.s = yearly residential exposure frequency (7 days per week)

Cumulative PODyc = 0.791 mg/m’*-yr x (10/20) x (5/7) = 0.282 mg/m’-yr
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Crystalline silica is insoluble, the clearance rate from the lungs is slow, and the toxic effects are
cumulative (See Section 4.1.2). In addition, fibrosis may be a necessary precursor to the development of
cancer, as discussed in Section 4.2.2. Therefore, the TD chose to conservatively convert cumulative
mg/m’-yr to an average yearly lifetime exposure concentration over a 70 year lifetime applicable to the
general public, rather than using the average exposure experienced by the workers in the key study. This
adjustment is shown in the following calculations:

PODygc = Cumulative PODygc/Lifetime Exposure Duration
Hnizdo and Sluis-Cremer (1993) PODygc = 0.423 mg/m’-yr/70 yr = 0.00604 mg/m’ = 6.04 ng/m’

Hughes et al. (1998) PODygc = 0.282 mg/m*-yr/70 yr= 0.00403 mg/m’ = 4.03 pg/m’

4.1.6 Critical Effect and Adjustments to the PODygc

4.1.6.1 Critical Effect

Data from both human and animal noncarcinogenic studies suggest that silicosis is the most sensitive
endpoint for exposure to crystalline silica. The specific critical effect for the key study (Hnizdo and Sluis-
Cremer 1993) is silicosis in gold miners in relation primarily to quartz exposure, supported by Hughes et
al. (1998), which reported silicosis risk among diatomaceous earth workers in relation primarily to
cristobalite exposure. The PODygc values from both studies are similar, and the UFs applied to both
studies are identical (Section 4.1.6.2).

4.1.6.2 UFs

Determining a POD and applying appropriate UFs (i.e., assuming a threshold/nonlinear MOA) is the
default for noncarcinogenic effects. Therefore, the following UFs were applied to the PODygc of 6.04
pg/m’ for the key study (Hnizdo and Sluis-Cremer 1993) and 4.03 pg/m’® for the supporting study
(Hughes et al. 1998) to derive the chronic ReV: 1 for UF, 3 for UFy, and 1 for UFp, (total UF = 3).
Choice of UFs is discussed below.

A UF, of 1 was used because benchmark dose modeling at a 1% response rate was used, and the BMCLy,
was considered to be a NOAEL surrogate.

The TD applied a UFy of 3 to account for variability within the human population. The Barnes et al.
(1995) summary of a benchmark dose workshop indicates that the UF for a BMD obtained from human
data could be set equal to one if the study included an assessment of sensitive subpopulations. The
workers included in the Hnizdo and Sluis-Cremer (1993) and Hughes et al. (1998) studies did not include
sensitive subpopulations. Therefore, a UF of 1 was not considered appropriate. However, variability in
healthy adults was likely captured in the key and supporting studies due to the large cohort sizes. Studies
evaluating possible gender differences are contradictory, two indicating that women may be more
susceptible to the effects of silica than men (Fillmore et al. 1999 and Zitting et al. 1996) and two
indicating no difference in susceptibility (Gerhardsson and Ahlmark 1985 and Rastogi et al. 1991).
Importantly, a 1% response rate was modeled using the available occupational data. The resulting toxicity
factor based on occupational exposure is therefore considered to be conservative by the TD. In addition,
the cumulative occupational exposure was adjusted to a lifetime exposure of 70 years. Finally, because
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silica particles are not metabolized, it is not necessary to consider possible kinetic variability in
metabolism, although it is important to consider the possible effects of underlying respiratory disease on
inflammation and respiratory damage. As a result, a moderate UF of 3 was applied to account for
susceptibility in the general population.

No subchronic-to-chronic UF was needed for either study, since the mean exposure durations were 24
years for Hnizdo and Sluis-Cremer (1993) and 12 years for Hughes et al. (1998). These average exposure
durations exceed 10% of an average lifespan and are therefore considered chronic. Moreover, the POD
was adjusted to a 70-year lifetime.

The toxicological database for crystalline silica is extensive. Although there is evidence of systemic
effects resulting from crystalline silica exposure, silicosis is the most sensitive endpoint. Therefore, a
database UF of 1 was applied to the PODygc.

4.1.7 Health-Based Chronic ReV and ch"’“icESLnonlinear(nc)

As discussed in the previous section, UFs were applied to the PODygc to derive the chronic ReV:

Hnizdo and Sluis-Cremer (1993)
chronic ReV = PODygc / (UF, x UFyx UFp) = 6.04 ug/m*/ (1 x 3 x 1) =2.01 pg/m’

Hughes et al. (1998)
chronic ReV = PODygc / (UFL x UFyx UFp) = 4.03 pg/m’/ (1 x 3 x 1) = 1.34 pg/m’

The ReV from the key study is similar to the ReV from the supporting study. Rounding the results from

the key study to two significant figures at the end of all calculations yields a chronic ReV of 2.0 pg/m’.
At the target HQ of 0.3, the Chmn‘CESLnonlinear(m) is 0.60 pg/m’ (Table 6).
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Table 6. Derivation of the Chronic ReV and °hr°“i°ESLmlinearmc)

Study Hnizdo and Sluis-Cremer 1993
Study Population 2,235 gold miners

Study Quality High

Exposure Method Occupational

Critical Effects Silicosis

PODoc (BMCLy))

0.635 mg/m’-yr

PODoc apy (BMCLg; apy)

1.143 mg/m’-yr

Exposure Duration 270 d/yr
Extrapolation to continuous lifetime 6.04 pg/m’
exposure (PODygc)
Total UFs 3
Interspecies UF | 1
Intraspecies UF | 3
LOAEL UF | 1
Subchronic to chronic UF | 1
Incomplete Database UF | 1
Database Quality | High
chronic ReV (HQ = 1) 2.0 pg/m’
PN ES Liontinear(ne) (HQ = 0.3) 0.60 pg/m’

4.1.8 Comparison of Results

The key and supporting studies investigated the risk of silicosis associated with exposure to two different
forms of crystalline silica, quartz (Hnizdo and Sluis-Cremer 1993) and cristobalite (Hughes et al. 1998).
The chronic ReVs calculated based on the PODygc values from these studies are very similar (2.0 versus
1.3 ug/m*). The chronic ReV of 2.0 pg/m’ based on Hnizdo and Sluis-Cremer (1993) is expected to be
health-protective and conservative since the modeling was conducted using a 1% benchmark response.
Additionally, this value is slightly lower than the chronic REL of 3 pg/m’ derived for this study by
CalEPA (Collins et al. 2005), primarily due to the TCEQ’s decision to extrapolate the occupational dust

exposures to a 70-year lifetime exposure.
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4.2 Carcinogenic Potential

4.2.1 Carcinogenic Weight-of-Evidence

4.2.1.1 Human Studies

There have been up to 70 epidemiological studies investigating the relationship between silica exposure
and lung cancer in various occupations: 22 studies investigated by the International Agency for Research
on Cancer (IARC) in 1997 and about 50 studies identified by Pelucchi et al. (2006) that were published
after the IARC Monograph. The carcinogenic potential of silica is controversial. Some studies have found
a statistically significant association between occupational exposure to silica and lung cancer, whereas
others have not. The differences in the studies may be related to the following:

e [ARC (1997) noted that the carcinogenicity of quartz or cristobalite “may be dependent on
inherent characteristics of the crystalline silica or on external factors affecting its biological
activity or distribution of its polymorphs.” Quartz is a variable entity (Donaldson and Borm 1998)
and its toxicity may depend upon surface characteristics, the age of the crystalline silica particle,
and other factors. It is not surprising that epidemiological analyses of exposure to silica in some
cohorts have found a statistically significant association, whereas others have not. Steenland et al.
(2001) suggests that physical differences in silica, such as freshness of particle cleavage or degree
of coating with dust, may contribute to the different relative risks (RRs) observed among different
cohorts after exposure to silica.

e Steenland et al. (2001) concluded that silica appeared to be a weaker carcinogen than other lung
carcinogens such as metals measured on the same “‘per weight’’ basis (i.e., cadmium, arsenic,
nickel, and hexavalent chromium). The RRs observed in epidemiological studies generally range
close to a value from 1 up to 2 to 3.

e Checkoway and Franzblau (2000) discuss other reasons for discrepancies between studies (e.g.,
confounding by cigarette smoking, use of silicosis compensation registers).

4.2.1.1.1 International Agency for Research on Cancer (IARC)

Silica has been classified as carcinogenic to humans by IARC (1997) and as a suspected human
carcinogen by the ACGIH. IARC reviewed the existing occupational epidemiology data available at the
time of the review. Twenty-two studies evaluating lung cancer mortality among silica-exposed workers in
the ore mining industry were considered. However, only a few of these studies evaluated potential
confounding by other known respiratory carcinogens.

The IARC working group noted that carcinogenicity was not detected in all industrial settings studied
(Wilbourn et al. 1997). For example, two studies from refractory brick plants and one study from a
diatomaceous earth plant provided evidence of an increased overall RR of lung cancer of 1.5. There were
conflicting results from two large cohort studies performed in foundry workers, and a third study in
foundry workers found a slightly elevated risk of lung cancer in silicotics compared to non-silicotics.
Consistent with the possibility that lung cancer is secondary to silicosis, studies reported excess lung
cancer among registered silicotics across countries, industries, and time periods.

Although the studies evaluated provided conflicting results, the IARC working group determined that
“overall the epidemiological findings support increased lung cancer risks from inhaled crystalline silica
(quartz and cristobalite) resulting from occupational exposure.” Importantly, the IARC working group
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noted that adequate evidence of carcinogenic potential exists only for occupational exposures to
crystalline silica. No epidemiological studies were available on environmental exposures at the time of
their evaluation. Epidemiological data were limited for amorphous silica, and separate analysis for cancer
risk among the subset of diatomaceous earth workers exposed primarily to amorphous silica was not
conducted by TARC (1997). The IARC working group concluded that there is inadequate evidence in
humans and experimental animals for the carcinogenicity of amorphous silica and other non-crystalline
silica.

4.2.1.1.2 National Institute of Occupational Health and Safety

In 2002, the National Institute of Occupational Health and Safety (NIOSH) reviewed the IARC
classification. Ten studies were identified by IARC (1997) that provided the least confounded
investigations of an association between occupational exposure to crystalline silica and lung cancer.
Although a few of these ten studies did not find a statistically significant association between
occupational exposure to crystalline silica and lung cancer, most of the studies did. In addition, some of
the least confounded studies reported that lung cancer risk tended to increase for (refer to NIOSH 2002
for references):

e cumulative exposure to respirable silica (i.e., Checkoway et al. 1993, 1996)

e duration of exposure (i.e., Merlo et al. 1991; Partanen et al. 1994 ; Costello and Graham 1988 ;

Costello et al. 1995 ; Dong et al. 1995)

e peak intensity of exposure (Burgess et al. 1997; Cherry et al. 1997; McDonald et al. 1997)

e the presence of radiographically defined silicosis (Amandus et al. 1992; Dong et al. 1995), and

e length of follow up time from data of silicosis diagnosis (Partanen et al. 1994)

NIOSH concurred with the following conclusions of the IARC working group and ATS (1997) and
recommended that crystalline silica be considered a potential occupational carcinogen (54 Fed. Reg. 2521
1989):
e “The available data support the conclusion that silicosis produces increased risk for bronchogenic
carcinoma
e Less information is available for lung cancer risk among silicotics who never smoked and
workers who were exposed to silica but did not have silicosis
e  Whether silica exposure is associated with lung cancer in the absence of silicosis is less clear.”

4.2.1.1.3 Findings from Recent Meta-Analysis and Pooled Analysis

4.2.1.1.3.1 Relative Risks in Silicotics (Steenland and Stayner 1997)
This summary was obtained from NIOSH (2002):

“Steenland and Stayner (1997) and IARC (1997) found that the majority of studies of
silicotics reported statistically significant excess lung cancer risks across different
countries, industries, and time periods while controlling for the effects of cigarette
smoking (Steenland and Stayner 1997; IARC 1997). Exposure-response gradients were
also observed. The summary RR was 2.3 (95% CI=2.2-2.6) for 19 cohort and case
control studies of silicotics - excluding studies of miners and foundry workers because of
potential exposure to other carcinogens, and omitting autopsy studies and proportionate
mortality studies because of possible selection biases (Steenland and Stayner 1997).
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Fifteen of the 19 studies directly or indirectly controlled for the effects of smoking. The
summary RR of 16 cohorts (cohort size ranged from 969 to 6,266 workers) and case-
control studies of silica-exposed workers was 1.3 (95% CI= 1.2—1.4)—a moderate and
statistically significant RR estimate (Steenland and Stayner 1997). Eight of the 16 studies
controlled for the effects of smoking, either directly or indirectly.”

4.2.1.1.3.2 Relative Risks in Silicotics (Smith et al. 1995)

Smith et al. (1995) investigated lung cancer risks in epidemiologic studies of silicotics. After
adjustment for competing risks (i.e. risks of different causes of death, including silicosis itself),
all 29 studies demonstrated lung cancer RR estimates greater than one. The pooled RR estimate
for the 23 studies that could be combined was 2.2, with a 95% CI of 2.1-2.4. The pooled
estimates by study design were:

2.0 (95% CI = 1.8-2.3) for cohort studies;

2.5 (95% CI = 1.8-3.3) for case-control studies;

2.0 (95% CI = 1.7-2.4) for combined proportional mortality studies; and

2.7 (95% CI = 2.3-3.2) for studies of cancer incidence.

Smith et al. (1995) concluded that “Although statistical tests demonstrated heterogeneity between
studies, and the Cls given above may therefore be a little too narrow, the overall findings could
not be attributed to chance, confounding by smoking, or other sources of bias. We conclude that
the association between silicosis and lung cancer is causal, either due to silicosis itself, or due to a
direct effect of the underlying exposure to silica.”

4.2.1.1.3.3 Relative Risks in Silicotics (Tsuda et al. 1997)

Tsuda et al. (1997) conducted a meta-analysis using 32 eligible studies on the relationship between
silicosis/pneumoconiosis and lung cancer mortality in Japan. Study estimates were then pooled by using
both the fixed effect model and the random effect model. All studies showed an excess of lung cancer
mortality among people with silicosis/ pneumoconiosis. The estimated rate ratio was 2.74 (95% CI 2.60-
2.90) in all 32 studies, and 2.77 (2.61-2.94) in 25 cohort studies. Tsuda et al. (1997) concluded:

“The estimates in the Japanese studies were a little higher than the overall estimates,
which indicated that lung cancer mortality was about three times higher among silicotic
patients than among people in the control. This indicated a causal-relationship between
silicosis and lung cancer. This means that lung cancer should be regarded as one of the
important complications of silicosis/pneumoconiosis. We recommend further research on
the relationship.”

4.2.1.1.3.4 Pooled Exposure-Response Analyses (Steenland et al. 2001; 2005)

Steenland et al. (2001), as part of an IARC multicentre study, conducted a pooled exposure-response
analyses and risk assessment for lung cancer in 10 cohorts of silica-exposed workers, which included
65,980 workers and 1072 lung cancer deaths. Respirable crystalline collected for workers in these studies
are collected by personal dust collector for particles smaller than 5 um in diameter (NIOSH 1974).
Follow-up was extended for five of these cohorts beyond the published data. ‘t Mannetje et al. (2001)
adopted, modified, or developed quantitative exposure estimates by job and calendar time to permit
common analyses by respirable silica (mg/m’) across cohorts. There was a positive monotonic trend with
odds ratios increasing from 1.0, 1.0, 1.3, 1.5, and 1.6 using categorical analyses by quintile of cumulative
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exposure. At the permissible level in many countries for silica of 0.1 mg/m’ silica, the estimated excess
lifetime risk (through age 75) of lung cancer for a worker exposed from age 20 to 65 was 1.1-1.7% above
background risk of 3-6%. (In 2005, Steenland noted that for the South African cohort, exposures were
underestimated, causing an overestimate of the exposure-response coefficient (Steenland et al. 2005)).
The investigators concluded that silica appeared to be a weaker carcinogen than other lung carcinogens
such as metals measured on the same ‘per weight’’ basis ( i.e., cadmium, arsenic, soluble nickel, and
hexavalent chromium). However, the Steenland et al. (2001) dose-response analyses supported the IARC
classification of silica as a carcinogen and was the first quantitative exposure-response analysis and risk
assessment for silica using data from multiple studies.

It was not believed that confounding by smoking was likely to account for the results, since in those
studies where complete or partial smoking data were collected and considered, either little confounding of
exposure-response trends was observed or smoking was actually a negative confounder.

There were no data on silicosis morbidity in most cohorts so there was no attempt to analyze the effect of
silicosis on lung cancer risk, independent of silica exposure levels (Steenland et al. 2001). However, in
2005, Steenland et al. reviewed the available exposure-response data for silica and silicosis, lung cancer,
and renal disease. They compared the corresponding excess risks (or absolute risks in the case of silicosis)
of death or disease incidence by age 75 for these three diseases, subsequent to a lifetime (45 years) of
exposure to silica at the current US standard (0.1 mg/m’ respirable crystalline silica). They concluded:

“It has been speculated that the risk of lung cancer among the silica-exposed is restricted
to those who develop silicosis, or that silicosis is a risk factor for lung cancer
independent of exposure (Checkoway and Franzblau, 2000). Silicosis is a marker of
high exposure, and it is therefore logical—under the assumption that silica per se
increases lung cancer risk— that silicotics would have higher risk than nonsilicotics,
even absent any independent role for silicosis. Existing epidemiologic data is not, and
probably never will be, sufficient to disentangle this issue (Checkoway and Franzblau,
2000). One would need very good longitudinal data on exposure and silicosis throughout
the follow-up period in a large cohort; existing data to date have not been sufficient.”

4.2.1.1.3.5 Comparison of Relative Risks in Silicotics versus Non Silicotics (Pelucchi et al. 2006)

Pelucchi et al. (2006) conducted a systematic review of approximately 50 studies that had been published
since 1996 (i.e., published after the IARC Monograph), on the relation between occupational silica
exposure and lung cancer. There were 28 cohort studies, 15 case-control and two proportionate mortality
ratio studies. Their results indicated:

e The pooled RR of lung cancer, calculated using random effects models from all cohort studies

considering occupational exposure to silica was 1.34 [95% CI: 1.25, 1.45];
e The pooled RR for all case-control studies was 1.41 [95% CI: 1.18, 1.70]; and
e For all proportionate mortality ratio studies, the RR was 1.24 [95% CI: 1.05, 1.47].

Pelucchi et al. (2006) also investigated RRs in (1) workers with silicosis, (2) when silicosis status was
undefined, and (3) in non silicotic subjects:
e For cohort studies, the RRs were:
0 1.69 (95% CI: 1.32, 2.16) in 11 studies in silicotics only,
0 1.25(95% CI: 1.18, 1.33) in 24 studies where silicosis status was undefined and
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0 1.19(95% CI: 0.87, 1.57) in one study among nonsilicotic subjects.
e In case-control studies, the RRs were:
0 3.27 (95% CI: 1.32, 8.2) in one study in silicotics only;
0 1.41(95% CI: 1.18, 1.70) in 13 studies where silicosis status was undefined; and
0 0.97 (95% CI: 0.68, 1.38) in one study among nonsilicotic subjects.

Based on a very limited number of studies for non silicotic workers (i.e., one cohort study and one case-
control study), Pelucchi et al. (2006) concluded:

“In this re-analysis, the association with lung cancer was consistent for silicotics, but the
data were limited for non silicotic subjects and not easily explained for undefined
silicosis status workers. This leaves open the issue of dose-risk relation and pathogenic
mechanisms and supports the conclusion that the carcinogenic role of silica per se in
absence of silicosis is still unclear.” (italics added for emphasis)

4.2.1.1.3.6 Comparison of Relative Risks in Silicotics versus Non Silicotics (Erren et al. 2008)

Erren et al. (2008) conducted a meta-analytical approach to answer the question “Is silicosis a necessary
condition for the elevation of silica-associated lung cancer risks?” The results are as follows:
o There was a significant link between silicosis and lung cancer based on 38 eligible studies of
silicotics published until January 2007. RRs averaged 2.1 in analyses based on both fixed and
random effect models ((95% CI = (2.0-2.3) and (1.9-2.3), respectively)).

e There were only three studies of lung cancer in silica-exposed workers without silicosis that had
data that allowed for adjustment for smoking habits. The pooled RR estimate from the three
studies was 1.0 (95% CI = (0.8-1.3)).

e There were eight studies of lung cancer in silica-exposed workers without silicosis, with no
adjustment for smoking habits. Analyses from the eight studies suggested a marginally elevated
risk of lung cancer (RR = 1.2; 95% CI (1.1-1.4)), but with significant heterogeneity between
studies (P = 0.05).

e There was a 20% increased risk based on the summary RRs from the 11 relevant studies of non
silicotics, but differences between study-specific results were not easily attributable simply to
sampling variability. These results were heavily dependent on results from eight studies that had
not been adjusted for possible confounding by smoking.

Erren et al. (2008) stated: “But as for the main issue, the hypothesised association between lung cancer
and exposure to silica in the absence of silicosis, our efforts have failed to resolve the matter
unambiguously.” (italics added for emphasis)

4.2.1.2 Animal Studies

Based on animal studies, IARC (1997) concluded that evidence was sufficient to show that crystalline
silica causes cancer in experimental animals. Studies in rats, mice, and hamsters after exposure to
crystalline silica are discussed by Rabovsky (1997) and Saffiotti et al. (1993). Rabovsky noted that
markers of silica induced toxicity in experimental animals were similar to those exhibited by humans. In
fact, animals may provide a model for resistant human populations (Rabovsky 1997; Saffiotti et al. 1993).
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Rats develop tumors whereas mice and hamsters do not. Saffiotti et al. (1993) noted that lung tumors in
rats are seen only when there is also a fibrotic response:

“The cells that give rise to lung tumors induced by crystalline silica in the rat lung model
are the epithelial cells of the lining of the alveoli. Normal lung alveolar lining cells,
which are flat and thin, permit gaseous exchanges with the adjacent blood capillaries and
are called alveolar type I cells. A few cells in the normal alveolar lining are cuboidal and
contain lamellar bodies (round cytoplasmic organelles, which produce the pulmonary
surfactant). These cells are called alveolar type II cells and are the stem cells (or
progenitor cells) that divide and differentiate into type I cells. When exposed to
crystalline silica, alveolar type II cells become larger and proliferate (hyperplasia) (Miller
et al. 1986). In silica-treated rats, hyperplasia of the alveolar type II cells develops
adjacent to the silicotic granulomas. This hyperplasia gives rise to (1) adenomatoid (i.e.,
“glandular-like”) lesions, showing many contiguous alveoli lined by cuboidal cells, and
eventually to (2) tumors, including benign adenomas and malignant carcinomas.”

Jin et al. (2008) established a silicosis model in rats using single intratrachael admininistration to
investigate the critical molecular mechanisms in the development of pulmonary fibrosis by using
identification of differentially expressed genes by suppression subtractive hybridization analysis. Typical
microscopic fibrosing silicotic nodules formed in the lung. Alveolar epithelial cells and bronchial
epithelial cells proliferated around partial fibrosing silicotic nodules and some cells showed atypical
hyperplasia. The atypical hyperplasia suggested a correlation between silicosis and lung cancer. Diffused
pulmonary interstitial fibrosis was also observed. Jin et al. (2008) concluded “These results revealed that
fibrotic reaction of recurrent inflammation and repair may cause repeat cellular injury, genetic damage to
local epithelial cells, and a predisposition to the development of cancer through sequential cellular
morphologic alterations of atypia (Daniels and Jett 2005; Bouros et al. 2002).”

After single intratracheal administration, hamsters store the silica in macrophages, but do not develop a
fibrotic response nor do they develop lung tumors. Mice do not develop persistent epithelial hyperplasia
or lung tumors after single intratracheal administration of quartz or tridymite. Mice do develop fibrosis

although less fibrosis when compared to rats.

Saffiotti et al. (1993) hypothesized that in humans, host susceptibility differences may explain different
susceptibilities, similar to the responses in rodent species:

e Some humans may respond to exposure to silica by developing fibrosis and lung cancer;

o others may respond as mice (i.e., develop moderate fibrosis but no lung cancer); and

e others may respond as hamsters, (i.e., be resistant to both silica-induced fibrosis and lung cancer).

Although animal data indicate that tumor formation may be secondary to silicosis, in most cases, only one
dose was used in animal studies. Rabovsky (1997) indicates the temporal and dose-response relationships
linking the two endpoints are unknown.

4.2.1.3 WOE Classifications

As mentioned previously, IARC (1997) has classified silica in Group 1, as chemicals and groups of
chemicals which are casually associated with cancer in humans. Based on a review of epidemiological
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data and animal data, and according to guidance in the new cancer guidelines (USEPA 2005a), the TD
considers crystalline silica to be “Carcinogenic to Humans” via inhalation. Consistent with IARC (1997),
the TD acknowledges that the carcinogenicity of silica “may be dependent on inherent characteristics of
the crystalline silica or on external factors affecting its biological activity or distribution of its
polymorphs.” (IARC 1997).

4.2.2 Carcinogenic Mode of Action

As early as 1984, Saffiotti et al. proposed a working hypothesis for carcinogenesis for crystalline silica.
This working hypothesis was proposed at the 1984 meeting on “Silica, Silicosis and Cancer (Saffiotti,
1986), and modified by recent updates in Saffiotti et al. (1993):
“a) cell mediators, released by silicotic granulomas (from macrophages and other cells),
include cytokines, such as interleukin-1 (IL-1), tumor necrosis factor-a (TNF- o)) and
transforming growth factor-p (TGF- ), mast cell products and oxygen radicals; some
of these mediators act upon the adjacent epithelial cells of the distal airways and induce
cell injury and/or cell proliferation, on a continuous basis.

b) Crystalline silica-induced hyperplastic epithelial cells also produce mediators (e.g.,
TGF-p), that stimulate fibrogenesis (feedback effect).

c) Crystalline silica penetrates into alveolar cells and causes DNA damage and/or
chromosomal alterations, directly and/or through oxygen radicals.

d) The combined effects of direct genetic damage to target epithelia and their chronic
stimulation by cell mediators produced during fibrogenesis can account for crystalline-
silica-induced carcinogenesis in pulmonary epithelia of susceptible hosts.”

Although the exact MOA for the carcinogenic effects of silica are not known, and the scientific
community have not agreed on the key steps leading from silica exposure to lung tumors in
humans, the most likely steps are those proposed by Saffiotti et al. (1993). The MOA for silica
may be similar to other agents that cause interstitial lung disease. In humans, Bouros et al.
(2002) found that various causes of interstitial lung disease, including fibrosis, are correlated
with a higher incidence of lung malignancy, although the exact role of fibrosis as a
predisposing factor for the development of malignancy is unclear. Daniels and Jett (2005) state
that the evidence supports an increased risk of lung cancer due to specific fibrotic and
inflammatory lung diseases. The potential pathogenetic mechanisms indicate that recurrent
injury and inflammation result in genetic alterations that predispose to lung cancer.

In the case of silica, there is limited evidence that silica interacts directly with DNA (Saffiotti et
al. 1993; Rabovsky 1997; Daniel et al. 1995) although Jacobsen et al. (2007) did not find
evidence of an interaction of silica with DNA, as discussed below.

4.2.2.1 Interactions with DNA (Potential Linear MOA)

Quartz exposures have generally yielded negative results in gene mutation assays, especially at low doses
(Lewinson et al. 1994, Jacobsen et al. 2007, Nagalakshmi et al. 1995, and Pairon et al. 1990). However,
increased gene mutation and DNA damage have also been documented following exposure to quartz or
tridymite, particularly at high doses (Driscoll et al. 1997, Fanizza et al. 2007, Pairon et al. 1990, and
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Nagalakshmi et al. 1995). Changes at the chromosome level have been observed by Sobti and Bhardwaj
(1991) (as reported in Rabovsky 1997). Sobti and Bhardwaj (1991) observed an increased level of
chromosome aberrations in a study of workers exposed to stone dust (in which silica represented 50-60%
of the total contents) when compared to controls. These increases could not be accounted for by cigarette
smoking or alcohol consumption. These investigators also noted that sister chromatid exchange occurred,
but the correlation between exposure and sister chromatid exchanges was weaker than that for
chromosome aberrations.

Saffiotti et al. (1993) and Daniel et al. (1995) observed silica-induced double strand breaks in isolated
DNA. Daniel et al. (1995) noted small particles in the nuclei and mitotic spindles of alveolar epithelial
cells exposed to quartz in cell culture, indicating the possibility that these particles interact directly with
DNA. These researchers provided further evidence of a direct interaction between silica and the
phosphate backbone of DNA using infrared spectroscopy. The authors noted that the direct interaction of
silica with DNA may promote carcinogenesis by anchoring DNA close to sites of free radical production
or interfering with DNA replication or repair. However, Jacobsen et al. (2007) recently found that
incubation of Muta"™ mouse lung epithelial cells with quartz did not increase the number of DNA strand
breaks or significantly increase the mutation frequency of the cll or lacZ transgenes. Instead, indirect
mechanisms may be responsible for the carcinogenic effects of silica.

4.2.2.2 Recent Evidence for Indirect Mechanisms (Potential Nonlinear MOA)

Evidence appears to support an indirect mechanism associated with increased cell proliferation. Ding et
al. (2002) proposed that silica activates mitogen activated protein kinases (MAPKSs), leading to activation
of the activating protein-1 (AP-1) transcription factor. These events are associated with cell proliferation
and may contribute to cellular proliferation of cells with altered DNA if activated chronically. The role of
this pathway is supported by data from Shen et al. (2006) which indicate that the expression of cell cycle
regulating proteins, cyclin D1 and cyclin D kinase 4 (CDK4), is induced by the MAPK/AP-1 signaling
pathway in human embryonic lung fibroblasts. This indirect mechanism is supported by the detection of
increased p53 protein, a tumor suppressor gene that plays an important role in the negative regulation of
cell growth, in the sputum of workers exposed to high levels of silica for an average of 13 years compared
to unexposed workers (Shaham et al. 2007).

4.2.2.3 Klein and Christopher (1995) (Potential Nonlinear MOA)

Klein and Christopher (1995) concluded that lung cancer is secondary to the development of fibrotic
lesions and that silica should therefore be considered a threshold carcinogen. The authors noted three
postulated mechanisms to explain the co-dependence of fibrogenesis and carcinogenicity:
o fibrosis causes disorganization of the lung that leads to cytokine release which can cause chronic
dysplasia, increased cell proliferation, and an increased chance of survival for mutated cells;
e increased fibrosis may reduce the lung’s ability to clear other bioactive agents and increase the
chances that these agents will interact with susceptible cells; and
e pulmonary macrophages, which scavenge particles in the lungs, release cytokines when damaged
that may set off autoimmune reactions which may accelerate fibrotic changes and/or proliferation
of mutated cells (Klein and Christopher 1995).

Klein and Christopher (1995) did consider the direct action of silica on cellular DNA, and
concluded “there is some evidence that crystalline silica has the ability to enter the cell nucleus
and interact directly with DNA under in vitro conditions but, as yet, there is no evidence that
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these events occur in vivo and little evidence that silica is mutagenic.” Klein and Christopher
(1995) did not discuss the results of Sobti and Bhardwaj (1991) who observed an increased
level of chromosome aberrations in a study of workers exposed to stone dust. The review of
experimental evidence conducted by Rabovsky (1997) was not available to Klein and
Christopher in 1995.

4.2.2.4 Conclusions

As mentioned previously, Rabovsky (1997) indicates that although there is substantial
experimental data in animals where lung cancer is secondary to the development of silicosis,
the temporal and dose-response relationships linking the two endpoints are unknown. In
addition, nongenetic mechanisms have not been unequivocally proven.

There is epidemiological evidence that RRs in silicotics are higher than in nonsilicotics
(Section 4.2.1.1.3) although results were inconclusive on whether silicosis was necessary for
the development of lung cancer (Pelucchi et al. 2006 in Section 4.2.1.1.3.5 and Erren et al.
2008 in Section 4.2.1.1.3.6). Checkoway and Franzblau (2000) state:
“The association between silica and lung cancer is generally, but not uniformly,
stronger among silicotics than nonsilicotics. However, the existing literature is
ambiguous due to incomplete or biased ascertainment of silicosis, inadequate exposure
assessment, and the inherently strong correlation between silica exposure and silicosis
which hinders efforts to disentangle unique contributions to lung cancer risk. . . Until
more conclusive epidemiologic findings become available, population-based or
individually-based risk assessments should treat silicosis and lung cancer as distinct
entities whose cause/effect relations are not necessarily linked.”

Checkoway and Franzblau (2000) then discuss the potential uncertainties in epidemiologic studies of
silica. Thus, a definitive MOA is not available for silica. In the absence of definitive MOA information,
the ESL guidelines indicate the default for the TD is to use a linear approach (TCEQ 2006). This
approach utilizes a straight line extrapolation from the POD to zero incremental response. The resulting
slope of the straight line extrapolation is the unit risk factor (URF) from which the 10 excess cancer risk
can be calculated.

4.2.3 Epidemiological Studies and Exposure Estimates

Several epidemiological studies have been conducted to assess the dose-response relationship between
occupational silica exposure and lung cancer:
e Vermont granite workers (Costello and Graham 1988; Graham, Costello and Vacek 2004;
Attfield and Costello 2004);
e Diatomaceous earth industry (Checkoway et al. 1997; Rice et al. 2001); and
e Pooled cohorts (Steenland et al. 2001; ‘t Mannetje et al. 2002).

Steenland et al. (2001) pooled exposure-response analysis of ten studies. The pooled data account for
exposure to different forms of crystalline silica at different concentrations and were deemed by the TD as
the most appropriate data set for developing the °hr°“‘CESLhnear<c>. The individual studies each have
limitations, such as confounding by smoking, which is associated with approximately 90% of lung cancer
cases (DeMarini 2004). The pooled cohort evaluated by Steenland et al. (2001) is comprised of 65,980
workers from several different industries, including mining (gold, tin, and tungsten), pottery, industrial
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sand, granite, and diatomaceous earth (cristobalite). Quantitative exposure estimates of respirable silica in
mg/m’ were used from the original studies or developed to provide a common metric for evaluation.

The development of quantitative exposure estimates is described by ‘t Mannetje et al. (2002). The cohort-
specific median range of exposure varied widely (0.13-11.37 mg/m’-years), allowing evaluation of the
risk of lung cancer across a wide range of cumulative exposure. The authors indirectly validated the
quantitative exposure estimates by determining whether or not increasing exposure led to increasing
silicosis. Based on the relationship between cumulative exposure and silicosis mortality (Odds Ratios:
1.0, 3.1, 4.6, 4.5, and 4.8) based on quintiles of cumulative exposure, ‘t Mannetje et al. (2002) concluded
“...the exposure estimates were reasonably successful in estimating exposure, in so much as a positive
and reasonably monotonic exposure-response trend was observed.” The relationship between increasing
cumulative exposure and a known disease outcome (silicosis) provides confidence that exposure
misclassification of exposure did not obscure any exposure-response relationship.

The most recent literature for two studies in the Steenland et al. (2001) meta-analysis of lung cancer and
silica exposure was reviewed by Sielken and Associates (Appendix 4). The U.S. diatomaceous earth
updates (Checkoway et al. 1997; Rice et al. 2001) and the U.S. granite study updates (Costello and
Graham 1988; Graham, Costello and Vacek 2004; Attfield and Costello 2004) were independently
evaluated. These scientists found results very similar to those reported by Steenland et al. (2001). The fact
that the recent findings of these two studies are supportive of Steenland et al. results raises confidence in
their pooled analysis based on ten cohorts.

4.2.4 Dose-Response Assessment and Dose Metric

4.2.4.1 Derivation of Potency Estimates Based on Observed Data

Steenland et al. (2001) used continuous data and a nested case-control analyses using conditional logistic
regression in which the likelihood is equivalent to Cox regression analysis to derive potency estimates.
The exposure metrics evaluated were cumulative exposure lagged 15 years, the log of cumulative
exposure lagged 15 years, and average exposure (cumulative exposure/duration). The Steenland et al.
(2001) assessment evaluated a log-linear model, power model, and linear model, although results were
not shown for the linear model. The authors indicate that lung cancer was consistently related to silica
exposure across all studies. All ten individual studies resulted in positive slopes, indicating that lung
cancer mortality increases with increasing cumulative exposure to silica (refer to Table 3 in Steenland et
al. 2001). In addition, four of the associations (i.e., slope) using the log-linear model with cumulative
exposure lagged 15 years are statistically significant at the 5% significance level.

The cumulative exposure metric was used in this assessment because it fits the data better than the model
with the average exposure metric. Corresponding cancer potency estimates () and standard error (SE)
values were obtained from Table 3 of Steenland et al. (2001), and 95% upper confidence limits (95%
UCLs) on the B values were calculated using reported SEs as summarized in Table 7.
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Table 7. Beta (), Standard Error (SE), and 95% UCL p Values (mg/m3-years)
Exposure ° a
Model Metric p SE 95% UCL B
Log Linear Cumulative 0.0105 0.0022 0.0141
Exposure
Power Log Cumulative 0.062 0.015 0.0867
Exposure

495% UCL = B + (1.645 x SE)

4.2.4.2 Dosimetric Adjustments

Occupational concentrations (Concentrationpc) were converted to environmental concentrations for the
general population (Concentrationygc) using the following equation recommended by TCEQ (2006):

Concentrationygc = Concentrationgce X (VEL/VEy) x (days per week,/days per weeks)

where: VEy, = occupational ventilation rate for an 8-h day (10 m*/day)
VE, = non-occupational ventilation rate for a 24-h day (20 m*/day)
days per week,. = occupational exposure frequency (5 days)
days per week = residential exposure frequency (7 days)

4.2.4.3 Extrapolation to Lower Exposures

4.2.4.3.1 Calculation of Air Concentrations at 1 in 100,000 Excess Cancer Risk and
the ChmmcESLlinear(c)

URFs and silica air concentrations at 1 in 100,000 excess cancer risk were calculated with life-table
analyses using the BEIR IV approach (NRC 1988), extra risk, and the following mortality and survival
rates, which are listed in Appendix 5:
e US mortality rates for 2000-2004 for all lung and bronchus cancer (Surveillance, Epidemiology,
and End Results database (SEER 2007));
e US survival probabilities for 2003 (Arias 2006); and
e Texas-specific mortality rates for lung cancer provided by the Texas Department of State Health
Services, Cancer Epidemiology and Surveillance Branch, Texas Cancer Registry (personal
communication from Dr. David Risser).

Since Steenland et al. (2001) used a lag time of 15 years to conduct modeling using the cumulative
exposure metric, an exposure lag time of 15 years must be used in the cumulative exposure assessment to
calculate air concentrations. Utilizing the data and inputs described above, air concentrations
corresponding to the target excess cancer risk of 1 in 100,000 using the maximum likelihood estimate
(MLE) or 95% UCL were calculated based on lifetime exposure of 70 years, the default used by TCEQ
for exposure analysis (TCEQ 2006) (Table 8).
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Table 8. Air Concentrations (ng/m’) Corresponding to 1 in 100,000 Excess Lung Cancer Risk

Using Various Background Rates and Models

ECon LECoo B (MLE) B (95% UCL)
Air Air Air Air
Background | Exposure Concentration | Concentration | Concentration | Concentration
Model | 5 o Metric 1 in 100,000 1 in 100,000 1in 100,000 | 1 in 100,000
excess cancer €xcess cancer €xcess cancer €xcess cancer
risk using URF | risk using URF risk using risk using
(MLE)* (95% UCL)" model model
Log . 0.3029 0.2256
Linear us Cumulative | k23301 £.05) | (URF = 4.433 E-05) 0.3093 0.2303
Log 0.0738 0.0474
Power us Cumulative | (URF = 1.355 E-04) | (URF =2.109 E-04) 0.0526 0.0375
Log . 0.2749 0.2047
Linear TX Cumulative (URF = 3.637 E-05) | (URF = 4.884 E-05) 0.2800 0.2085
Log 0.0642 0.0418
Power = Cumulative | (URF = 1.557 E-04) | (URF =2.393 E-04) 0.0476 0.0340

aUI{F = OOOI/EC()()I
"URF = 0.001/LECy;

For cancer data modeled by non-linear models, the TCEQ (2006) recommends deriving an effective
concentration (EC) and the lower 95% confidence limit of the effective concentration (LEC) at a response
level that can be supported by the data as the point of departure and extrapolating to low doses using a
default linear approach. Typically, the response rate for tumor data from animal data is at the 10%
response level (EC,o or LEC),) but since the pooled epidemiological data from a cohort of 65,980 were
available, a 0.1% response rate was defensible and within the observed range of the data. The upper-
bound lifetime excess cancer risk resulting from continuous exposure to silica at 1 ug/m? in air (i.e., the
URF in Table 8) was then calculated using the following equation:

0.001

URF =

EC001 or LECOOI

The 107 risk air concentration in columns four and five of Table 8 were calculated based on the URFs
using the following equation:

107 risk air concentration = 1 x 10>/ URF

Since the log linear and power models are not linear models, the models themselves can be used to
calculate the air concentration at the 107 risk level as an alternative to the default linear extrapolation
method used by the TD. The data are presented in the last two columns of Table 8 for comparison.

As can be seen from Table 8, use of Texas background lung cancer mortality rates and survival rates
resulted in slightly more conservative values and are preferred since the purpose of the DSD is to develop
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health-protective air concentrations for citizens of Texas. Therefore, air concentrations calculated with
Texas-specific rates are used in all subsequent discussions.

4.2.4.3.2 Model Selected to Represent Excess Lung Mortality Risk

The preferred model is the log linear model using cumulative dose, a 15-year lag, and a default linear
extrapolation from the POD of the ECy; to zero. Steenland et al. (2001) noted that the log of cumulative
exposure (power model) with a 15-year lag was a strong predictor of lung cancer across studies. However,
Steenland and Deddens (2004) later noted that the best-fitting statistical model is not necessarily the best
model for risk assessment. The TD selected the log linear model based on the historical use of this model
for human epidemiological data (i.e., parsimonious models such as linear or log-linear multiplicative RR
models are to be preferred over other less-plausible models) and the lack of a biological basis for
selecting an alternative model (i.e., the carcinogenic MOA for silica is not known in sufficient detail).

The resulting URFs are listed in Table 8. There was only a 1.3 fold difference between the URF derived
from the ECy; and LEC;. In addition, the air concentration associated with 107 excess cancer risk differ
little regardless of whether the concentration is derived from the model itself or from the default linear
extrapolation approach applied by the TD. According to Section 4.5.3.1 of the ESL Guidelines (TCEQ
20006), use of the EC rather than the LEC may be appropriate when certain types of uncertainty are
addressed by human epidemiology studies (TCEQ 2006). Although estimates of mortality were available
rather than incidence, mortality rates for lung cancer are high and correlate well with incidence (i.e., five-
year survival is only about 15% according to the American Cancer Society 2005). The key study also
indicated that exposure to other occupational carcinogens was not a likely confounder since the exposure-
response trend was similar in miners potentially exposed to radon and non-miners. Most importantly, the
key study was a well-conducted pooled study, which developed a common exposure measure and uniform
approach to data analysis to compare the results of 10 separate studies. Similar to meta-analysis, the
pooled approach decreases uncertainty. Finally, the TD believes that the application of the LECgy; would
be overly conservative due to the lack of evidence of lung cancer in response to environmental
concentrations of silica (Figure 1).

Texas-specific air concentrations corresponding to the target excess cancer risk of 1 in 100,000 using the
calculated URFs ranged from 0.042 pg/m’ (LECy,) based on the power model to 0.275 pg/m’ (ECgo;) for
the log-linear model, less than a seven-fold difference. Based on the log-linear model for lung cancer, the
URF is 3.6 E-05 per pg/m’®, rounded to two significant figures, and the resulting " ESLijear) at the
target risk of 1 in 100,000 excess lung cancer mortality is 0.27 pg/m’.

The URF of 3.6E-05 per pug/m’ is slightly higher (more conservative) than the range of URFs based on
epidemiologic studies, but is slightly smaller or falls at the low end of the range of URFs developed based
on rat experimental data:

e 6.8E-07 to 1.85E-05 per ug/m’ developed by Ruble and Goldsmith (1993) for workers (as
referenced by Goldsmith and Hertz-Picciotto 1997) based on epidemiologic findings among gold
workers and diatomaceous earth workers. Both epidemiological studies demonstrated dose-
response lung cancer findings for silica exposure;

e 4.5E-05 per pg/m’ to 2.9E-04 per pg/m’ (without and with a surface area correction, respectively)
developed by Collins and Marty (1997) based on four experimental studies conducted in rats; and

e 2.3E-05 to 6.0E-03 per ng/m’ based on experimental rat studies (Goldsmith et al. 1995), (as
referenced in Goldsmith and Hertz-Picciotto 1997).
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Goldsmith and Hertz-Picciotto (1997) states there is a more shallow slope for human data, compared to
that derived from experimental research in animals for silica URF extrapolations.

4.2.5 Evaluating Susceptibility from Early-Life Exposures

USEPA (2005) provides default age-dependent adjustment factors (ADAFs) to account for potential
increased susceptibility in children due to early-life exposure when a chemical has been identified as
acting through a mutagenic MOA for carcinogenesis. However, silica is not currently identified by
USEPA as having a mutagenic MOA and data are not sufficient to determine what mechanisms or key
steps are critical for lung cancer development. As mentioned previously in the MOA section, quartz
exposures have generally yielded negative results in gene mutation assays, especially at low doses
(Lewinson et al. 1994, Jacobsen et al. 2007, Nagalakshmi et al. 1995, and Pairon et al. 1990). However,
increased gene mutation and DNA damage have also been documented following exposure to quartz or
tridymite, particularly at high doses (Driscoll et al. 1997, Fanizza et al. 2007, Pairon et al. 1990, and
Nagalakshmi et al. 1995). Other evidence appears to support an indirect mechanism (Sections 4.2.2.2 and
4.2.2.3). Therefore, consistent with TCEQ guidance (TCEQ 2006), silica is not considered to have a
mutagenic MOA, and ADAFs will not be applied to the URF. This issue will be reevaluated periodically
as new scientific information on silica’s carcinogenic MOA becomes available.

4.2.6 Sensitivity Analysis Assuming a Nonlinear MOA for Lung Cancer

Klein and Christopher (1995) concluded that lung cancer is secondary to the development of fibrotic
lesions and that silica should therefore be considered a threshold carcinogen (Section 4.2.2.3). As a result
of this hypothesis, the TD chose to compare the Ch“’n‘cESLnonhmr(m) based on the development of
silicosis/fibrosis to the ™ ESLijear(c) developed using a default linear extrapolation to zero approach to
excess cancer risk. The noncarcinogenic toxicity factor developed in Section 4.1 is based on fibrotic
changes in the lung. The resulting Chr"mcESLnonlimar(m) of 0.60 pg/m’ is only 2.2-fold higher than the
°hr°“i°ESLhnear(c) 0.27 pug/m’ at the target risk air concentration of 1 in 100,000 obtained from a linear
extrapolation of the lung cancer data.

4.3. Welfare-Based Chronic ESL

Evidence primarily indicates that silica, in the form of silicic acid, is beneficial to plants (see Section
3.2.2). However, it has been hypothesized that silica accumulation in long-lived leaves may inhibit
photosynthesis. Motomura et al. (2007) investigated the possibility of reduced photosynthesis in bamboo
leaves. They determined that silica content less than 25% on a dry mass basis did not negatively impact
photosynthesis in the bamboo leaves. In their discussion, Motomura et al. (2007) indicated that this result
is consistent with previous Japanese studies that found no negative impact on photosynthesis in rice
leaves with silica concentrations up to 18%. Although silica may cause damage at high concentrations, it
is absorbed through the soil rather than the air. Since there are no data indicating that plants are harmed
by chronic exposure to silica in the air, the TD has chosen not to develop a “"*"*ESL,.,.
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4.4 Long-Term ESL

The chronic evaluation resulted in the derivation of the following values:
POMEST Jinear(e) = 0.27 pg/m’

URF = 3.6E-05 per pg/m’

chronic ReV = 2.0 pg/m’

PONEST ontineartne) = 0.60 pg/m’

The long-term ESL for air permit reviews is the health-based Chr"“icESleear(c) of 0.27 ug/m’ (Table 1) since
it is slightly lower than the Ch“’“‘CESLmnlmear(m) of 0.60 pg/m3. Because the particle sizes for respirable
crystalline exposure data collected in the occupational studies analysed by Steenland et al. (2001, 2005)
were smaller than 5 um in diameter, the ™ ESLijpear) of 0.27 ug/m® will apply to respirable crystalline
silica <4 pm in diameter.

Chapter 5 References

5.1 References Cited in the Development Support Document

American Cancer Society. 2005. Cancer facts and figures. Available at
http://www.cancer.org/downloads/STT/CAFF2005f4PWSecured.pdf.

Abraham J and S Weisenfeld. 1997. Two cases of fatal PMF in an ongoing epidemic of accelerated
silicosis in oilfield sandblasters: Lung pathology and mineralogy. Annals of Occup Hyg 41:440-
447 (suppl 1).

American Conference of Governmental Industrial Hygienists (ACGIH). 2006. TLVs and BEIs based on
the documentation of the threshold limit values for chemical substances and physical agents and
biological exposure indices. Appendix C.

Applebaum KM, EJ Malloy, E Eisen. 2007. Reducing healthy worker survivor bias by restricting date of
hire in a cohort study of Vermont granite workers. Occup Environ Med 64: 681-687.

Arias E. 2002. United States life tables, 2003. National Vital Statistics Reports. 54(14): p. 3, Table B.

Arts JHE, H Muijser, E Duistermaat, K Junker, CF Kuper. 2007. Five-day inhalation toxicity study of
three types of synthetic amorphous silicas in Wistar rats and post-exposure evaluations for up to 3
months. Food Chem Toxicol 45: 1856-1867.

Barnes DG, GP Daston, JS Evans, AM Jarabek, RJ Kavlock, CA Kimmel, C Park, HL Spitzer. 1995.
Benchmark Dose Workshop: Criteria for use of a benchmark dose to estimate a reference dose.
Regul Toxicol Pharmacol 21: 296-306.

CalEPA. 2005. Chronic toxicity Summary: Silica (crystalline, respirable),
http://www.oehha.ca.gov/air/chronic_rels/pdf/SILICAcREL_FINAL.pdf, accessed February 4,
2008.

Cassel SL, SC Eisenbarth, SS Iyer, JJ Sadler, OR Colegio, LA Tephly, AB Carter, PB Rothman, RA
Flavell, FS Sutterwala. 2008. The Nalp3 inflammasome is essential for the development of
silicosis. Proc Natl Acad Sci 105: 9035-9040.

Castranova V. 2000. From coal mine dust to quartz: Mechanisms of pulmonary pathogenicity. Inhal
Toxicol 12 (suppl 3): 7-14.

Castranova V, D Porter, L Millecchia, JYC Ma, AF Hubbs, A Teass. 2002. Effect of inhaled crystalline
silica in a rat model: Time course of pulmonary reactions. Mol Cell Biochem 234/235: 177-184.

Checkoway H, JM Hughes, H Weill, NS Sexias, PA Demers. 1999. Crystalline silica exposure,
radiological silicosis, and lung cancer mortality in diatomaceous earth industry workers. Thorax



http://www.cancer.org/downloads/%20%20STT/CAFF2005f4PWSecured.pdf
http://www.oehha.ca.gov/air/chronic_rels/pdf/SILICAcREL_FINAL.pdf

Silica, Crystalline Forms
Page 39

54: 56-59.

Checkoway H, A Franzblau. 2000. Is silicosis required for silica-associated lung cancer? Am J Ind Med
37:252-259.

Chen W, J Chen. 2002. Nested case-control study of lung cancer in four Chinese tin mines. Occup
Environ Med 59: 113-118.

Chen W, E Hnizdo, JQ Chen, MD Attfield, P Gao, F Hearl, J Lu, WE Wallace. 2005. Risk of silicosis in
cohorts of Chinese tin and tungsten miners, and pottery workers (I): An epidemiological study.
Am J Ind Med 48: 1-9.

ChemFinder. 2004. CambridgeSoft Corporation, http://chemfinder.cambridgesoft.com/, accessed
February 4, 2008.

Chemical Industry Institute of Toxicology (CIIT) Centers for Health Research and National Institute for
Public Health and the Environment (RIVM). 2002. Multiple path particle dosimetry model
(MPPD v 2.0): A model for human and rat airway particle dosimetry,
http://www.thehamner.org/technology-and-development/technology-transfer/index.html,
accessed January 29, 2008.

Cherniak M. Hawks Next Incident: America's Worst Industrial Disaster. New Haven Yale University
Press, 1986.

Collins JF, MA Marty 1997. Cancer risk assessment for crystalline silica. J Exp Analy Environ Epidemiol
7(3): 359-365.

Churchyard GJ, R Ehrlich, JM teWaterNaude, L Pemba, K Dekker, M Vermeijs, N White, ] Myers. 2004.
Silicosis prevalence and exposure-response relations in South African goldminers. Occup
Environ Med 61: 811-816.

Collins JF, AG Salmon, JP Brown, MA Marty, GV Alexeef. 2005. Development of a chronic inhalation
reference level for respirable crystalline silica. Regul Toxicol Pharmacol 43: 292-300.

Costello J, WG Graham. 1988. Vermont granite workers’ mortality study. Am J Ind Med 13: 483-497.

Daniel LN, Y Mao, AO Williams, U Saffiotti. 1995. Direct interaction between crystalline silica and
DNA: a proposed model for silica carcinogensis. Scand J Work Environ Health 21 (suppl 2): 22-
26.

DeMarini DM. 2004. Genotoxicity of tobacco smoke and tobacco smoke condensate: A review. Mutat
Res 567: 447-474.

Ding M, F Chen, X Shi, B Yucesoy, B Mossman, V Vallyathan. 2002. Disease caused by silica:
Mechanisms of injury and disease development. Int Inmunopharmacol 2: 173-182.

Driscoll KE, LC Deyo, JM Carter, BW Howard, DG Hassenbein, TA Bertram. 1997. Effects of particle
exposure and particle-elicited inflammatory cells on mutation in rat alveolar epithelial cells.
Carcinogenesis 18: 423-30.

Erren TC, CB Glende, P Morfeld, C Piekarski. 2008. Is exposure to silica associated with lung cancer in
the absence of silicosis? A meta-analytical approach to an important public health question. Int
Arch Occup Environ Health. Published online: 06 December 2008.

Fanizza C, CL Ursini, E Paba, A Ciervo, A DiFrancesco, R Maiello, P DeSimone, D Cavallo. 2007.
Cytotoxicity and DNA-damage in human lung epithelial cells exposed to respirable a-quartz.
Toxicol In Vitro 21: 586-594.

Fillmore CM, SA Petralia, M Dosemeci. 1999. Cancer mortality in women with probable exposure to
silica: A death certificate study in 24 states of the U.S. Am J Ind Med 36: 122-128.

Finckh A, GS Cooper, LB Chibnik, KH Costenbader, ] Watts, H Pankey, PA Fraser, EW Karlson. 2006.
Occupational silica and solvent exposures and risk of systemic lupus erythematosus in urban
women. Arthritis Rheum 54: 3648-3654.

Fubini B, A Hubbard. 2003. Reactive oxygen species (ROS) and reactive nitrogen species (RNS)



http://chemfinder.cambridgesoft.com/
http://www.thehamner.org/technology-and-development/technology-transfer/index.html

Silica, Crystalline Forms
Page 40

generation by silica in inflammation and fibrosis. Free Radic Biol Med 34: 1507-1516.

Gerhardsson L, A Ahlmark. 1985. Silicosis in women: Experience from the Swedish pneumoconiosis
register. J Occup Med 27: 347-350.

Gibbs GW, RSJ Du Toit. 2002. Estimating the Quartz Exposure of South African Gold Miners. Ann
Occup Hyg 46: 597-607.

Gilberti FM, GN Joshi, DA Knecht. 2008. The phagocytosis of crystalline silica particles by
macrophages. Am J Respir Cell Mol Biol [Epub ahead of print].

Goldsmith DF, I Hertz-Picciotto. 1997.Criteria for Conducting quantitative risk assessments for silica. J
Exp Analy Environ Epidemiol 7(3): 367-375.

Graham WG, J Costello, PM Vacek. 2004. Vermont granite mortality study: An update with an emphasis
on lung cancer. J Occup Environ Med 46: 459-466.

Greer MA, DF Goldsmith. 2007. Comparison of disease risks between amorphous and crystalline silica.
Epidemiology 18: S158.

Groth DH, WJ Moorman, DW Lynch, LE Stettler, WD Wagner, RW Hornung. 1981. Chronic effects of
inhaled amorphous silicas in animals. American Society for Testing and Materials Special
Technical Publication 732, 118-143.

Hardy TS and H Weill. 1995. Crystalline Silica: Risks and Policy. Environ Health Perspect 103:152-155.

Hazardous Substances Data Bank (HSDB). 2002 update. United States National Library of Medicine,
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB, accessed January 25, 2008.

Hnizdo E, GK Sluis-Cremer. 1993. Risk of silicosis in a cohort of white South African gold miners. Am J
Ind Med 24: 447-457.

Hughes JM, Weill H, Checkoway H, Jones RN, Henry MM, Heyer NJ, Seixas NS, Demers PA. 1998.
Radiographic evidence of silicosis risk in the diatomaceous earth industry. Am J Respir Crit Care
Med 158: 807-814.

Humerfelt S, GE Eide, A Gulsvik. 1998. Association of years of occupational quartz exposure with
spirometric airflow limitation in Norwegian men aged 30-46 years. Thorax 53: 649-655.

International Agency for Research on Cancer (IARC). 1997. Silica.
http://www.inchem.org/documents/iarc/vol68/silica.html, accessed February 26, 2008.

Jacobsen NR, AT Saber, P White, P Moller, G Pojana, U Vogel, S Loft, ] Gingerich, L. Soper, GR
Douglas, H Wallin. 2007. Increased mutant frequency by carbon black, but not quartz, in the lacZ
and cll transgenes of Muta™ mouse lung epithelial cells. Environ Mol Mutagen 48: 451-461.

Klein AK, JP Christopher. 1995. Evaluation of crystalline silica as a threshold carcinogen. Scand J Work
Environ Health 21 (suppl 2) 95-98.

Kuempel ED, MD Attfield, V Valyathan, NL Lapp, JM Hale, RJ Smith, V Castranova. 2003. Pulmonary
inflammation and crystalline silica in respirable coal mine dust: Dose-response. J Boisci 28: 61-
69.

Lewinson J, W Mayr, H Wagner. 1994. Characterization and toxicological behavior of synthetic
amorphous silica. Regl Toxicol Pharmacol 20: 37-57.

Mallinckrodt Chemicals. 2006. Material safety data sheet-Sand, washed and dried,
http://www.jtbaker.com/msds/englishhtml/s0722.htm, accessed January 31, 2008.

McDonald JC, AD McDonald, JM Hughes, RJ Rando, Weill H. 2005. Mortality from lung and kidney
disease in a cohort of North American industrial sand workers: An update. Ann Occup Hyg 49:
367-373.

Meijer E, H Kromhout, D Heederik. 2001. Respiratory effects of exposure to low levels of concrete dust
containing crystalline silica. Am J Ind Med 40: 133-140.



http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
http://www.inchem.org/documents/iarc/vol68/silica.html
http://www.jtbaker.com/msds/englishhtml/s0722.htm

Silica, Crystalline Forms
Page 41

Motomura H, K Hikosaka, M Suzuki. 2007. Relationships between photosynthetic activity and silica
accumulation with ages of leaf in Sasa Veitchii (Poaceae, Bambusoideae). Ann Bot advance
online publication, November 27, 2007.

Nagalakshmi R, J Nath, T Ong, WZ Whong. 1995. Silica-induced micronuclei and chromosomal
aberrations in Chinese hamster lung (V79) and human lung (Hel 299) cells. Mutat Res 335: 27-
33.

National Institute of Occupational Safety and Health (NIOSH). 1974. Criteria for a recommended
standard: Occupational exposure to crystalline silica. U.S. Department of Health and Human
Services, http://www.cdc.gov/niosh/pdfs/75-120a.pdf, accessed January 25, 2008.

National Institute of Occupational Safety and Health (NIOSH). 1994a. International Chemical Safety
Cards-Cristobalite, http://www.cdc.gov/niosh/ipcsneng/neng0809.html, accessed February 19,
2008.

National Institute of Occupational Safety and Health (NIOSH). 1994b. International Chemical Safety
Cards-Tridymite, http://www.cdc.gov/niosh/ipcsneng/neng0807.html, accessed February 19,
2008.

National Institute of Occupational Safety and Health (NIOSH). 1994c. International Chemical Safety
Cards-Diatomacous Earth (uncalcined), http://www.cdc.gov/niosh/ipcsneng/neng0248.html,
accessed February 19, 2008.

National Institute of Occupational Safety and Health (NIOSH). 1994d. Manual of Analytical Methods, 4™
ed. U.S. Department of Health and Human Services,
http://books.google.com/books?id=JiJkKIQ8GF4C&pg=RA3-PT147&Ipg=RA3-
PT147&dg=acgih+1994+silica&source=web&ots=WzpsA3VVTi&sig=Rh-
YRwaZFxmxtMQpbAzuaKx9nh8#PPP2.M1, accessed January 25, 2008.

National Research Council (NRC). 1988. Health risks of radon and other internally deposited alpha-
emitters. Committee on the biological effects of ionizing radiation. Biological effects of ionizing
radiation IV (BEIR V). Washington DC: National Academy Press.

Neukirch F, Cooreman J, Korobaeff M, Pariente R. 1994. Silica exposure and chronic airflow limitation
in pottery workers. Arch Environ Health 49: 459-464.

Pairon JC, MC Jaurand, L Kheuang, X Janson, P Brochard, J Bignon. 1990. Sister chromatid exchanges
in human lymphocytes treated with silica. Br J Ind Med 47: 110-115.

Polimeni M, E Gazzano, M Ghiazza, I Fenoglio, Bosia A, Fubini B, Ghigo D. 2008. Quartz inhibits
glucose 6-phosphate dehydrogenase in murine alveolar macrophages. Chem Res Toxicol 21: 889-
894.

Poljakovic M, DW Porter, L Millecchia, D Kepka-Lenhart, C Beighley, MG Wolfarth, V Castranova, SM
Morris. 2007. Cell- and isoform-specific increases in arginase expression in acute silica-induced
pulmonary inflammation J Toxicol Environ Health A 70: 118-127.

Porter DW, D Ramsey, AF Hubbs, L Batelli, J] Ma, M Barger, D Landsittel, VA Robinson, J] McLaurin, A
Khan, W Jones, A Teass, V Castranova. 2001. Time course of pulmonary response of rats to
inhalation of crystalline silica: Histological results and biochemical indices of damage, lipidosis,
and fibrosis. J Environ Pathol Toxicol Oncol 20 (suppl 1): 1-14.

Porter DW, L Millecchia, VA Robinson, A Hubbs, P Willard, D Pack, D Remsey, J McLaurin, A Khan,
D Landsittel, A Teass, V Castranova. 2002a. Enhanced nitric oxide and reactive oxygen species
production and damage after inhalation of silica. Am J Physiol Lung Cell Mol Physiol 283: 1.485-
L493.

Porter DW, J Ye, J Ma, M Barger, VA Robinson, D Remsey, J] McLaurin, A Khan, D Landsittel, A Teass,
V Castranova. 2002b. Time course of pulmonary response of rats to inhalation of crystalline
silica: NF-kB activation, inflammation, cytokine production, and damage. Inhal Tox 14: 349-367.



http://www.cdc.gov/niosh/pdfs/75-120a.pdf
http://www.cdc.gov/niosh/ipcsneng/neng0809.html
http://www.cdc.gov/niosh/ipcsneng/neng0807.html
http://www.cdc.gov/niosh/ipcsneng/neng0248.html
http://books.google.com/books?id=JiJkKIQ8GF4C&pg=RA3-PT147&lpg=RA3-PT147&dq=acgih+1994+silica&source=web&ots=WzpsA3VVTi&sig=Rh-YRwaZFxmxtMQpbAzuaKx9nh8#PPP2,M1
http://books.google.com/books?id=JiJkKIQ8GF4C&pg=RA3-PT147&lpg=RA3-PT147&dq=acgih+1994+silica&source=web&ots=WzpsA3VVTi&sig=Rh-YRwaZFxmxtMQpbAzuaKx9nh8#PPP2,M1
http://books.google.com/books?id=JiJkKIQ8GF4C&pg=RA3-PT147&lpg=RA3-PT147&dq=acgih+1994+silica&source=web&ots=WzpsA3VVTi&sig=Rh-YRwaZFxmxtMQpbAzuaKx9nh8#PPP2,M1

Silica, Crystalline Forms
Page 42

Rabovsky J. 1997. Laboratory studies on silica induced toxicity and relationship to carcinogenicity. J Exp
Analy Environ Epidemiol 7(3): 167-278.

Rafnsson V, O Ingimarsson, I Hjalmarsson, H Gunnarsdottir. 1998. Association between exposure to
crystalline silica and risk of sarcoidosis. Occup Environ Med 55: 657-660.

Rao KMK, DW Porter, T Meighan, V Castranova. 2004. The sources of inflammatory mediators in the
lung after silica exposure. Environ Health Perspect 112: 1679-1685.

Rastogi SK, BN Gupta, H Chandra, N Mathur, PN Mahendra, T Husain. A study of the prevalence of
respiratory morbidity among agate workers. Int Arch Occup Environ Health 63: 21-26.

Rego G, A Pichel, A Quero, A Dubois, C Martinez, I Isidro, M Gil, V Cuervo, A Gonzalez. 2008. High
prevalence and advanced silicosis in active granite workers: A dose-response analysis including
FEV,. J Occup Environ Med 50: 827-833.

Saffiotti U, LN Daniel, Y Mao et al. 1993. Biological studies on the carcinogenic mechanisms of quartz.
In: Chapter 18, Health Effects of Minerals. Reviews in Mineralogy (28): 523-544.

Sato T, T Shimosato, WG Alvord, DM Klinman. 2008. Suppressive oligodeoxynucleotides inhibit silica-
induced pulmonary inflammation. J Immunol 180: 7648-7654.

Shaham J, E Fireman, A Korenstein-Ilan, Y Lerman. 2007. Detection of p-53 protein in induced sputum
after occupational exposure to crystalline silica. J Occup Environ Med 49: 730-735.

Shen F, X Fan, B Liu, X Jia, H Du, B You, M Ye, C Huang, X Shi. 2006. Overexpression of cyclin D1-
CDKA4 in silica-induced transformed cells is due to activation of ERKs, JNKs/AP-1 pathway.
Toxicol Lett 160: 185-195.

Singal M, JN Finkelstein. 2005. Amorphous silica particles promote inflammatory gene expression
through the redox sensitive transcription factor, AP-1, in alveolar epithelial cells. Experimental
Lung Research 31: 581-597.

Steenland K, A ‘t Mannetje, P Boffetta, L Stayner, M Attfield, J Chen, M Dosemeci, N DeKlerk, E
Hnizdo, R Koskela, H Checkoway. 2001. Pooled exposure-response analyses and risk assessment
for lung cancer in 10 cohorts of silica-exposed workers: An IARC multicentre study. Cancer
Causes Control 12: 773-784.

Steenland K, JA Deddens. 2004. A practical guide to dose-response analyses and risk assessment in
occupational epidemiology. Epidemiology 15: 63-70.

Steenland K. 2005. One agent, many disease: Exposure-response data and comparative risks of different
outcomes following silica exposure. Am J Ind Med 48: 16-23.

Stolt P, H Kallberg, I Lundberg, B Bjogren, L Klareskog, L Alfredsson, EIRA study group. 2005. Silica
exposure is associated with increased risk of developing rheumatoid arthritis: Results from the
Swedish EIRA study. Ann Rheum Dis 64: 582-586.

Surveillance, Epidemiology, and End Results (SEER). 2007. Age-specific U.S. mortality rates for lung
and bronchus cancer (invasive), 2000-2004,
http://www.seer.cancer.gov/csr/1975 2004/results merged/sect 15 lung_bronchus.pdf, accessed
January 28, 2008.

t” Mannetje A, K Steenland, H Checkoway, R-S Koskela, M Koponen, M Attfield, J Chen, E. Hnizdo, N
DeKlerk, M Dosemeci. 2002. Development of quantitative exposure data for a pooled exposure-
response analysis of 10 silica cohorts. Am J Ind Med 42: 73-86.

ten Berge, WF, A Zwart, LM Appelman. 1986. Concentration-time mortality response relationship of
irritant and systemically acting vapours and gases. J Hazard Mater 13: 301-09.

Texas Commission on Environmental Quality (TCEQ). 2006. Guidelines to develop effects screening
levels, reference values, and unit risk factors. Chief Engineer’s Office. RG-442.



http://www.seer.cancer.gov/csr/1975_2004/results_merged/sect_15_lung_bronchus.pdf

Silica, Crystalline Forms
Page 43

United States Environmental Protection Agency (USEPA). 1996. Ambient levels and noncancer health
effects of inhaled crystalline and amorphous silica: Health issue Assessment. Office of Research
and Development. Washington, D.C. EPA/600/R-95/115.

United States Environmental Protection Agency (USEPA). 2005. Supplemental Guidance for Assessing
Susceptibility from Early-Life Exposure to Carcinogens. Washington, DC: U.S. Environmental
Protection Agency. EPA/630/R-03/003F.

Velan GM, RK Kumar, DD Cohen. 1993. Pulmonary inflammation and fibrosis following subacute
inhalation exposure to silica: Determinants of progression. Pathology 25: 282-290.

Warheit DB, MC Carakostas, MA Hartsky, JF Hansen. 1991. Development of a short-term inhalation
bioassay to assess pulmonary toxicity of inhaled particles: Comparisons of pulmonary responses
to carbonyl iron and silica. Toxicol Appl Pharmacol 107: 350-368.

Warheit DB, TA McHugh, MA Hartsky. 1995. Differential pulmonary responses in rats inhaling
crystalline, colloidal or amorphous silica dusts. Scand J Work Environ Health 21 (suppl 2): 19-
21.

Wilbourn JD, DB McGregor, C Partensky, JM Rice. 1997. IARC reevaluates silica and related
substances. Environ Health Perspect 105: 756-759.

Yu ITS, LA Tse, CC Leung, TW Wong, CM Tam, ACK Chan. 2007. Lung cancer mortality among
silicotic workers in Hong Kong-no evidence for a link. Ann Oncol 18: 1056-1063.

Zitting AJ, A Karjalainen, O Impivaara, T Kuusela, J Maki, A Tossavainen, J Jarvisalo. 1996.
Radiographic small lung opacities and pleural abnormalities in relation to smoking, urbanization
status, and occupational asbestos exposure in Finland. J Occup Environ Med 38: 602-609.

5.2 Other Studies and Documents Reviewed by the TD

Absher M, M Sjostrand, LC Baldor, DR Hemenway, J Kelley. 1993. Patterns of secretion of transforming
growth factor-alpha (TGF-alpha) in experimental silicosis. Acute and subacute effects of
cristobalite exposure in the rat. Reg Immunol 5: 225-31.

Albrecht C, D Hohr, P Haberzettl, A Becker, PJ Borm, RP Schins. 2007. Surface-dependent quartz uptake
by macrophages: Potential role in pulmonary inflammation and lung clearance. Inhal Toxciol 19
(suppl 1): 39-48.

Attfield MD, J Costello. 2004. Quantitative exposure-response for silica dust and lung cancer in Vermont
granite workers. Am J Ind Med 45: 129-138.

Bio F, S Sadhara, C Jackson, P Burge. 2007. Respiratory symptoms and lung function impairment in
underground gold miners in Ghana. Ghana Med J 41: 38-47.

Borges VM, MF Lopes, H Falcao, JH Leite-Junior, PR Rocco, WF Davidson, R Linden, WA Zin, GA
DosReis. 2002. Apoptosis underlies immunopathogenic mechanisms in acute silicosis. Am J
Respir Cell Mol Biol 27: 78-84.

Brown TP, L Rushton. 2005. Mortality in the UK industrial silica sand industry: 2. A retrospective cohort
study. Occup Environ Med 62: 446-452.

Carneiro AP, SM Barreto, AL Siqueira, F Cavariani, F Forastiere. 2006. Continued exposure to silica
after diagnosis of silicosis in Brazilian gold miners. Am J Ind Med 49: 811-818.

Cassidy A, A ‘t Mannetje, M van Tongeren, JK Field, D Zaridze, N Szeszenia-Dabrowska, P Rudnai, J
Lissowska, E Fabianova, D Mates, V Bencko, L Foretova, V Janout, J Fevotte, T Fletcher, P
Brennan, P Boffetta. 2007. Occupational exposure to crystalline silica and risk of lung cancer: A
multicenter case-control study in Europe. Epidemiology 18: 36-43.



Silica, Crystalline Forms
Page 44

Chang JS, KL Chang, DF Hwang, ZL Kong. 2007. In vitro cytotoxicity of silica nanoparticles at high
concentrations strongly depends on the metabolic activity type of the cell line. Environ Sci
Technol 41: 2064-2068.

Checkoway H, NJ Heyer, NS Seixas, EA Welp, PA Demers, JM Hughes, H Weill. 1997. Dose-response
associations of silica with nonmalignant respiratory disease and lung cancer mortality in the
diatomaceous earth industry. Am J Epidemiol 145: 680-688.

Chen W, Z Zhuang, MD Attfield, BT Chen, P Gao, JC Harrison, C Fu, JQ Chen, WE Wallace. 2001.
Exposure to silica and silicosis among tin miners in China: Exposure-response analyses and risk
assessment. Occup Environ Med 58: 31-37.

Chen W, J Yang, J Chen, J Bruch. 2006. Exposures to silica mixed dust and cohort mortality study in tin
miners: Exposure-response analysis and risk assessment of lung cancer. Am J Ind Med 49: 67-76.

Cherry NM, GL Burgess, S Turner, JC McDonald. 1998. Crystalline silica and risk of lung cancer in the
potteries. Occup Environ Med 55: 779-785.

Cocco P. 2003. The long and winding road from silica exposure to silicosis and other health effects.
Occup Environ Med 60: 157-158.

Currie HA, CC Perry. 2007. Silica in plants: Biological, biochemical, and chemical studies. Ann Bot 100:
1383-1389.

Dahmann D, D Taeger, M Kappler, S Buchte, P Morfeld, T Bruning, Pesch B. 2007. Assessment of
exposure in epidemiological studies: The example of silica dust. J Expo Sci Environ Epidemiol
advance online publication, December 5, 2007.

DeBerardis B, E Incocciati, S Massera, G Gargaro, L Paoletti. 2007. Airborne silica levels in an urban
area. Sci Total Environ 382: 251-258.

DeKlerk NH, AW Musk. 1998. Silica, compensated silicosis, and lung cancer in Western Australian
goldminers. Occup Environ Med 55: 243-248.

Eisen EA, DH Wegman, TA Louis, TJ Smith, JM Peters. 1995. Healthy worker effect in a longitudinal
study of one-second forced expiratory volume (FEV1) and chronic exposure to granite dust. Int J
Epidemiol 24: 1154-1161.

Finkelstein MM. 2001. Silica, silicosis, and lung cancer. J Occup Environ Med 43: 198-201.

Green DA, McAlpine G, Semple S, Cowie H, Seaton A. 2007. Mineral dust exposure in young Indian
adults: An effect on lung growth? Occup Environ Med advance online publication, June 1, 2007.

Hnizdo E, V Vallyathan. 2003. Chronic obstructive pulmonary disease due to occupational exposure to
silica dust: A review of epidemiological and pathological evidence. Occup Environ Med 60: 237-
43,

Ho JC, WK Lam, GC Ooi, MP Wong, JC Lam, MS Ip, Tsang KW. 2003. Lymphoepithelioma-like
carcinoma of the lung in a patient with silicosis. Eur Respir J 22: 383-386.

Hogan SL, GS Cooper, DA Savitz, LA Hylander-French, CG Parks, H Chin, CE Jennette, S Lionaki, JC
Jennette, RJ Falk. 2007. Association of silica exposure with anti-neutrophil cytoplasmic
autoantibody small-vessel vasculitis: A population-based, case-control study. Clin J Am Soc
Nephrol 2: 290-299.

Hu S, H Zhao, XJ Yin, JK Ma. 2007. Role of mitochondria in silica-induced apoptosis of alveolar
macrophages: Inhibition of apoptosis by rhodamine 6G and N-acetyl-L-cysteine. J Toxicol
Environ Health A 70: 1403.1415.

Huffman LJ, DJ Judy, V Castranova. 1998. Regulation of nitric oxide production by rat alveolar
macrophages in response to silica exposure. J Toxicol Environ Health A 53: 29-46.

Huffman LJ, DJ Prugh, L Millecchia, KC Schuller, S Cantrell, DW Porter. 2003. Nitric oxide production
by rat bronchoalveolar macrophages or polymorphonuclear leukocytes following intratracheal
instillation of lipopolysaccharide or silica. J Biosci 28: 29-37.



Silica, Crystalline Forms
Page 45

Hughes JM, H Weill, FJ Rando, R Shi, AD McDonald, JC McDonald. 2001. Cohort mortality study of
North American industrial sand workers: II. Case-referent analysis of lung cancer and silicosis
deaths. Ann Occup Hyg 45: 201-207.

Kajiwara T, A Ogami, H Yamato, T Oyabu, Y Morimoto, I Tanaka. 2007. Effect of particle size of
intratracheally instilled crystalline silica on pulmonary inflammation. J Occup Health 49: 88-94.

Langley RJ, R Kalra, NC Mishra, FF Hahn, S Razani-Boroujerdi, SP Singh, JM Benson, JC Pena-
Philippides, EB Barr, ML Sopori. 2004. A biphasic response to silica: I. Immunostimulation is
restricted to the early stage of silicosis in Lewis rats. Am J Respir Cell Mol Biol 30: 823-829.

Lebkova NP, VI Baranov. 2006. Intracellular changes in rat hepatocytes after intratracheal administration
of highly dispersed silicon dioxide and uridine effects on these changes. Bull Exp Biol Med 141:
653-656.

Ma JF, N Yamaji. 2006. Silicon uptake and accumulation in higher plants. Trends Plant Sci 11: 392-397.

McDonald AD, JC McDonald, RJ Rando, JM Hughes, H Weill. 2001. Cohort mortality study of North
American industrial sand workers. I. Mortality from lung cancer, silicosis and other causes. Ann
Occup Hyg 45: 193-199.

Mendonca EM, RC Silva, MA Bussacos, E Algranti. 2007. Respiratory impairment in Brazilian foundry
workers exposed to sand. Am J Ind Med 50: 83-91.

Migliaccio CT, MC Buford, F Jessop, A Holian. 2007. The IL-4R (alpha) pathway in macrophages and its
potential role in silica-induced pulmonary fibrosis. J Leukoc Biol advance online publication,
December 3, 2007.

Miller BG, CA Soutar. 2007. Observed and predicted silicosis risks in heavy clay workers. Occup Med
57: 569-574.

Mohebbi I, T Zubeyri. 2007. Radiological progression and mortality among silica flour packers: A
longitudinal study. Inhal Toxicol 19: 1011-1017.

Motomura H, T Fujii, M Suzuki. 2004. Silica deposition in relation to ageing of leaf tissues in Sasa
veitchii (Carriere) Rehder (Poaceae: Bambusoideae). Ann Bot 93: 235-248.

Muhle H, I Mangelsdorf. 2003. Inhalation toxicity of mineral particles: Critical appraisal of endpoints and
study design. Toxicol Lett 11: 223-228.

Murray J, D Kielkowski, P Reid. 1996. Occupational disease trends in black South African gold miners.
Am J Respir Crit Care Med 153: 706-710.

Nasr MR, D Savici, L Tudor, D Abou Abdallah, N Newman, JL. Abraham. 2006. Inorganic dust exposure
causes pulmonary fibrosis in smokers: Analysis using light microscopy, scanning electron
microscopy, and energy dispersive X-ray spectroscopy. Arch Environ Occup Health 61: 53-60.

Nij ET, D Heederik. 2005. Risk of silicosis and lung cancer among construction workers exposed to
respirable quartz. Scand J Work Environ Health 31 (suppl 2): 49-56.

National Institute of Occupational Safety and Health (NIOSH). 2002. Health effects of occupational
exposure to respirable crystalline silica. U.S. Department of Health and Human Services,
http://www.cdc.gov/niosh/pdfs/02-129.pdf, accessed January 28, 2008.

Oliver LC, H Miracle-McMahill. 2006. Airway disease in highway and tunnel construction workers
exposed to silica. Am J Ind Med 49: 983-996.

Park R, F Rice, L Stayner, R Smith, S Gilbert, H Checkoway. 2002. Exposure to crystalline silica,
silicosis, and lung disease other than cancer in diatomaceous earth industry workers: A
quantitative risk assessment. Occup Environ Med 59: 36-43.

Pelucchi C, E Pira, G Piolatto, M Coggiola, P Carta, C La Vecchia. 2006. Occupational silica exposure
and lung cancer risk: A review of epidemiological studies 1996-2005. Ann Oncol 17: 1039-1050.

Peretz A, H Checkoway, JD Kaufman, I Trajber, Y Lerman. 2006. Silica, silicosis, and lung cancer. Isr
Med Assoc J 8: 114-118.



http://www.cdc.gov/niosh/pdfs/02-129.pdf

Silica, Crystalline Forms
Page 46

Porter DW, M Barger, VA Robinson, SS Leonard, D Landsittel, V Castranova. 2002. Comparison of low
doses of aged and freshly fractured silica on pulmonary inflammation and damage in the rat.
Toxicology 175: 63-71.

Porter DW, AF Hubbs, R Mercer, VA Robinson, D Ramsey, J McLaurin, A Khan, L Battelli, K
Brumbaugh, A Teass, V Castranova. 2004. Progression of lung inflammation and damage in rats
after cessation of silica inhalation. Toxicol Sci 79: 370-380.

Porter DW, LL Millecchia, P Willard, VA Robinson, D Ramsey, ] McLaurin, A Khan, K Brumbaugh,
CM Beighley, A Teass, V Castranova. 2006. Nitric oxide and reactive oxygen species production
causes progressive damage in rats after cessation of silica inhalation. Toxicol Sci 90: 188-197.

Rando FJ, R Shi, JM Hughes, H Weill, AD McDonald, JC McDonald. 2001. Cohort mortality study of
North American industrial sand workers. III. Estimation of past and present exposures to
respirable crystalline silica. Ann Occup Hyg 45: 209-216.

Rapiti E, A Sperati, M Miceli, F Forastiere, D DiLallo, F Cavariani, DF Goldsmith, CA Perucci. 1999.
End stage renal disease among ceramic workers exposed to silica. Occup Environ Med 56: 559-
561.

Rice FL, R Park, L Stayner, R Smith, S Gilbert, H Checkoway. 2001. Crystalline silica exposure and lung
cancer mortality in diatomaceous earth industry workers: A quantitative risk assessment. Occup
Environ Med 58:38-45.

Richmond KE, M Sussman. 2003. Got silicon? The non-essential beneficial plant nutrient. Curr Opin
Plant Biol 6: 268-272.

Rimal B, AK Greenburg, WN Rom. 2005. Basic pathogenic mechanisms in silicosis: Current
understandings. Curr Opin Pulm Med 11: 169-173.

Rosenman KD, MJ Reilly, C Rice, V Hertzberg, CY Tseng, Anderson HA. 1996. Silicosis among
foundry workers. Implication for the need to revise the OSHA standard. Am J Epidemiol 144:
890-900.

Seiler F, B Rehn, S Rehn, M Hermann, J Bruch. 2001. Quartz exposure of the rat lung leads to a linear
dose response in inflammation but not in oxidative DNA damage and mutagenicity. Am J Respir
Cell Mol Biol 24: 492-498.

Seixas NS, NJ Heyer, EA Welp, H Cehckoway. 1997. Quantification of historical dust exposures in the
diatomaceous earth industry. Ann Occup Hyg 41: 591-604.

Sourtar CA, A Bobertson, BG Miller, A Searl, J Bignon. 2000. Epidemiological evidence on the
carcinogenicity of silica: Factors in scientific judgement. Ann Occup Hyg 44: 3-14.

Steenland K, D Brown. 1995. Silicosis among gold miners: Exposure-response analyses and risk
assessment. Am J Public Health 85: 1372-1377.

Steenland K, L Stayner. 1997. Silica, asbestos, man-made mineral fibers, and cancer. Cancer Causes
Control 8: 491-503.

Steenland K, W Sanderson. 2001. Lung cancer among industrial sand workers exposed to crystalline
silica. Am J Epidemiol 153: 695-703.

‘t Mannetje A, K Steenland, M Attfield, P Boffetta, H Checkoway, N DeKlerk, RS Koskela. 2002.
Exposure-response analysis and risk assessment for silica and silicosis mortality in a pooled
analysis of six cohorts. Occup Environ Med 59: 723-728.

Tse LA, IT Yu, CC Leung, W Tam, TW Wong. 2007. Mortality from non-malignant respiratory diseases
among people with silicosis in Hong Kong: Exposure-response analyses for exposure to silica
dust. Occup Environ Med 64: 87-92.

Tse LA, ZM Li, TW Wong, ZM Fu, IT Yu. 2007. High prevalence of accelerated silicosis among gold
miners in Jiangxi, China. Am J Ind Med 50: 876-880.



Silica, Crystalline Forms
Page 47

Tsuda T, Y Mino, A Babazono, J Shigemi, T Otsu, E Yamamoto, S Kanazawa. 2002. A case-control
study of lung cancer in relation to silica exposure and silicosis in a rural area in Japan. Ann
Epidemiol 12: 288-294.

Ulm K, B Waschulzik, H Ehnes, K Guldner, B Thomasson, A Schwebig, H Nuss. 1999. Silica dust and
lung cancer in the German stone, quarrying, and ceramics industries: Results of a case-control
study. Thorax 54: 347-351.

Wang S-X, P Liu, M-T Wei, L Chen, Y Guo, R-Y Wang, Z-G Tu, X-C Lang. 2007. Roles of serum Clara
cell protein 16 and surfactant protein-D in the early diagnosis and progression of silicosis. J
Occup Environ Med 49: 834-839.

Wang X, E Yano, K Nonaka, M Wang, Z Wang. 1997. Respiratory impairments due to dust exposure: A
comparative study among workers exposed to silica, asbestos, and coalmine dust. Am J Ind Med
31:495-502.

Weiner J, L Barlow, B Sjogren. 2007. Ischemic heart disease mortality among miners and other
potentially silica-exposed workers. Am J Ind Med 50: 403-408.

Yassin A, F Yebesi, R Tingle. 2005. Occupational exposure to crystalline silica dust in the United States,
1988-2003. Environ Health Perspect 113: 255-260.

Zhang Y, Y Lu, BZ Yuan, V Castranova, X Shi, JL Stauffer, LM Demers, F Chen. 2005. The human
mineral dust-induced gene, mdig, is a cell growth regulating gene associated with lung cancer.
Oncogene 24: 4873-4882.



Silica, Crystalline Forms
Page 48

Appendix 1. Toxicity Factor Development for Subacute Studies

Duration Adjustments

The modified Haber’s Rule with n = 3 was used to adjust exposure duration from the supporting subacute
studies where both concentration and duration play a role in toxicity. The TD chose to conservatively
adjust the exposure from 6 h/d to 1 h/d rather than adjusting the total duration of exposure in each study
to protect against intermittent exposure and the possibility of delayed inflammation.

Warheit et al. (1995):

C,=[(C1)*x (T, / T2)]"* = [(10 mg/m*)’ x (6 b/1 h)]"* = 18.17 mg/m’ = POD,p,
Subacute series by Porter et al. (2001; 2002a; 2002b) and Castranova et al. (2001):

C,=[(C1)*x (T,/ T2)]"* = [(15 mg/m*)’ x (6 b/1 h)]"* = 27.2 mg/m’ = PODAp,
Dosimetry Adjustments

The deposition fraction of silica was calculated for each supporting study using the MPPD program. The
MMAD of the SAS aerosol used in the study by Warheit et al. (1995) ranged from 2.4-3.4 um. The low
end (2.4 um MMAD) and high end (3.4 um MMAD) of these ranges were modeled in the MPPD
program and are presented for comparison. The particle density is 2.3 g/cm’ (Table 2). The chemical
concentration is the PODap; of 18.2 rng/rn3. The target region for SAS was considered to be the total
particle distribution for the tracheobronchial and pulmonary regions. All remaining values used, including
the geometric standard deviation, were default.

According to Porter et al. (2001), the mass median aerodynamic diameter of the silica aerosol used in
their study was 1.70 um with a geometric standard deviation of 1.78. The particle density is 2.3 g/cm’
(Table 2). The chemical concentration is the PODap; of 27.2 mg/m”. The target region for silica was
considered to be the total particle distribution for the tracheobronchial and pulmonary regions. All
remaining values used were default.
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MPPD Program Output for Warheit et al. (1995) — lower end of range
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MPPD Program Output for Warheit et al. (1995) — upper end of range
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Concentration: 1217 pg/m*™2
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MPPD Program Output for Subacute Study Series (Porter et al. 2001; 2002a; 2002b and Castranova et al.
2001)

Tue, 02/06/2008, 02:53:34 P C3T
Region: Entire Lung

0613 —
0.548
0.481 —
=
=2
E 0.368 — 0333
L
=
=
ﬁ Species & hodel Info:
2 0.245 = Spacies/Geometry: Human Symmetric
& FRC “lume: 3200.00 ml
0.150 Head “dalume: 50.00 ml
Breathing Routs: nasal
0123
0.0ra Breathing Parameters:
Tidal “walume: 62500 ml
. Breathing Frequency: 12.00 1/min
0o Inspiratory Fraction: 0.50
Head TB F Total Pauze Fraction: 0.00
Particle Properties:
Region Diameter: Mhla0: 1.70 pm
GE0:1.73
Concentration: 27.20 pg/m™3
Tue, D2O52008, 02:20:02 PM CST
Fegion: Entire Lung
0.386 —
0.360
037~
=
=
E 0338 | 0220
[
=
=
'ﬁ Species & hodel Infa:
= 0.158 — SpeciesiGeometry: Rat
S FRC solume: .00 ml
0.087 Head “walume: 042 mi
Breathing Rote: nasal
n.ovs 0.053 :
| Breathing Parameters:
Tidal “olume: 2.10 mi
Breathing Frequency: 102.00 1/min
0.0 Inspiratory Fraction: 0.50
TE P

Head Total Pause Fraction: 0.00

Particle Properties:
Redion Diameter: hhdaD: 1.70 pm
G50:1.73
Concentration: 2720 pg/m™3
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The deposition fractions determined from the MPPD program above were then used to calculate the
RDDR for each of the supporting studies.

Warheit et al. (1995):
(Ve)a DF,  NFy

RDDR = X X
(Ve)u DFy  NFa

137.3 mL/min ~ 0.185 543,200 cm’
RDDR (low) = X X =1.04
13,800 mL/min  0.280 3422.5 cm®

1373 mL/min ~ 0.149 543,200 cm?
RDDR (high) = X X =0.868
13,800 mL/min  0.271 3422.5 ¢cm?

Subacute series by Porter et al. (2001; 2002a; 2002b) and Castranova et al. (2001):

137.3 mL/min 0.140 543,200 cm?
RDDR = X X =0.982
13,800 mL/min 0.225 3422.5 cm®

The RDDR was then used to dosimetrically adjust from an animal to human POD.

Warheit et al. (1995):
PODygc = PODapy x RDDR (low) = 18.2 mg/m’ x 1.04 = 18.900 mg/m’ = 18,900 pug/m’
PODyec = PODap; x RDDR (high) = 18.2 mg/m® x 0.868 = 15.798 mg/m’ = 15,798 pug/m’

The more conservative PODygc of 15,800 |,Lg/m3 will be used in all future calculations.
Subacute series by Porter et al. (2001; 2002a; 2002b) and Castranova et al. (2001):

PODyec = PODap; x RDDR =27.2 mg/m’® x 0.982 = 26.710 mg/m’ = 26,710 pg/m’

Application of Uncertainty Factors

The following UFs were applied to the PODygc of 15,798 pg/m® from the supporting subacute study by
Warheit et al. (1995): 3 for UFy, 3 for UF,, 10 for UFyand 3 for UFp. A UF of 3 was used for
extrapolation from a LOAEL to a NOAEL, because the effects noted were mild and reversible. A UF of 3
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was used for interspecies extrapolation, because default dosimetric adjustments using the RDDR were
conducted to account for toxicokinetic differences but not toxicodynamic differences. A UF of 10 was
used to account for potential variation in human susceptibility. A UF of 3 was applied for database
uncertainty, because data from only one species was available. The total UFs applied to the PODygc were
300.

The following UFs were applied to the PODygc of 26,710 pg/m® derived from the supporting subacute
study series by Porter et al. (2001; 2002a; 2002b) and Castranova et al. (2001):3 for UFy, 3 for UF,, 10
for UFy, and 10 for UFp. A UF of 3 was used for extrapolation from a LOAEL to a NOAEL, because the
effects noted were mild and reversible. A UF, of 3 was used for extrapolation from animals to humans,
because default dosimetric adjustments using the RDDR were conducted to account for toxicokinetic
differences but not toxicodynamic differences. A UFy of 10 was used to account for potential sensitive
human subpopulations, such as those with existing pulmonary inflammation due to other causes. Finally,
a database UFp of 10 was used to account for the lack of data from multiple species and a lack of dose
response information, since only one dose was used in this study series. The total UFs applied to the
PODygc were 1000.

Calculation of Acute ReVs
Warheit et al. (1995):

acute ReV = PODygc / (UFL x UF, x UFy x UFp) = 15,798 pug/m* (3 x 3 x 10 x 3) = 52.6 pg/m’

Subacute series by Porter et al. (2001; 2002a; 2002b) and Castranova et al. (2001):

acute ReV = PODygc / (UFL x UF, x UFy x UFp) = 26,710 ug/m*/ (3 x 3 x 10 x 10) = 26.7 pg/m’
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Appendix 2. MPPD Program Qutput for Key Study-Warheit et al.
(1991)

ied, D2/20/3008, 04:43:41 Phi C5T
Region: Entire Lung

0.945 —
0.a549
0.756
0.632
=
=2
E 0867 —
[
=
=
= Species & hiodel Info:
g_ 0.378 - Species/Geometry: Human Symmetric
S FRC “blume: 3300.00 ml
Head “wolume: 50,00 ml
Breathing Route: nasal
0188 0142 ?
Breathing Parameters:
0.064 Tidal “blume: 625.00 mi
- Breathing Frequancy: 12.00 1/min
K] Inspiratory Fraction: 0.450
Head TE F Total Pause Fraction: 0.00
Particle Properties:
Region Diameter: hilaD: 3.70 pm
GED: 1.60
Concentration: 1820 pgdm’s
Wiied, 022002008, 04:47:06 Phi CST
Region: Entire Lung
0.814 —
0.740
0.628
0.651 —
=
=
E 0.488 —
L
=
=2
’U—_.: Species & hodel Info:
= 0.338 - Species/Geometry: Rat
2 FRE “lume: 4.00 ml
Head “wlume: 0.42 mi
Breathing Route: nazal
0163 —
Breathing Parameters:
0.052 0.054 Tidal olume: 2.10 mi
- - Breathing Frequency: 102.00 1/min
0.o Inspiratory Fraction: 0.450
Head B F Tatal Pause Fraction: 0.00
Particle Properties:
Region Diameter: hidaD: 3.70 pm
G50: 1.50

Concentration: 18,20 pgdm'2
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Appendix 3. Benchmark Dose Modeling Results

Appendix 3A. Hnizdo et al. (1993)

Benchmark dose modeling of silicosis incidence data was performed using data presented below.
Midpoint cumulative dust exposure and number of cases were obtained from Figure IV in Hnizdo et al.
(1993). The number of workers in each exposure category was calculated from the number at risk
provided in Figure IV in Hnizdo et al. (1993). The authors indicated that the silica content of the dust in
the mines was approximately 30%. Therefore, 30% of the midpoint of the cumulative dust exposure was
used to model crystalline silica exposure.

Midpoint Cumulative | Silica (30% of | Number of workers Number of cases
Dust Exposure Cumulative per exposure per exposure
(mg/m*-yr) Dust Exposure) category category

(mg/m’-yr)
1 0.3 204 0
3 0.9 474 9
5 1.5 556 48
7 2.1 469 85
9 2.7 318 93
11 3.3 142 53
13 3.9 44 20
15 4.5 11 5

All available dichotomous models were run to determine which model best fit the data. The results for the
four best fitting models (p-value greater than 0.1) are shown below. The results of the probit model using
log-transformed data fit best and were used to develop the point of departure.

BMDS Model | BMCy,; BMCL,; | p-value for fit | AIC Scaled Residuals*
Log Probit 0.734223 | 0.634946 0.9957 1512.45 -0.167
Gamma 0.646433 | 0.537441 0.8546 1514.64 -0.710
Log Logistic 0.619776 | 0.519247 0.8446 1515.85 -0.825
Multistage 0.485232 | 0.422197 0.5017 1517.45 -0.886

* Scaled residuals at estimated response closest to the BMRy,
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Probit Model. (Version: 2.8; Date: 02/20/2007)
Input Data File: C:\BMDS\HNIZDO_SILICA DATA.(d)
Gnuplot Plotting File: C:\BMDS\HNIZDO SILICA DATA. plt
Wed Jan 23 12:24:16 2008

BMDS MODEL RUN

The form of the probability function is:

P[response] = Background
+ (1-Background) * CumNorm(Intercept+Slope*Log(Dose)),

where CumNorm(.) is the cumulative normal distribution function

Dependent variable = COLUMN3
Independent variable = COLUMNI
Slope parameter is not restricted

Total number of observations = 8

Total number of records with missing values =0
Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

User has chosen the log transformed model

Default Initial (and Specified) Parameter Values

background = 0
intercept = -1.75821
slope = 1.10832

Asymptotic Correlation Matrix of Parameter Estimates

(*** The model parameter(s) -background have been estimated at a boundary point, or have been
specified by the user and do not appear in the correlation matrix )

intercept slope
intercept 1 -0.89
slope -0.89 1

Parameter Estimates: 95.0% Wald Confidence Interval

Variable Estimate Std. Err. Lower Conf. Limit  Upper Conf. Limit
background 0 NA
intercept -1.91065 0.0806037 -2.06863 -1.75266



Silica, Crystalline Forms
Page 57

slope 1.34556 0.0969517 1.15554 1.53559

NA - Indicates that this parameter has hit a bound implied by some inequality constraint and thus has no
standard error.

Analysis of Deviance Table

Model Log(likelihood) # Param's Deviance Test d.f. P-value
Full model -753.882 8
Fitted model -754.223 2 0.682391 6 0.9949
Reduced model -902.699 1 297.634 7 <.0001

AIC: 1512.45
Goodness of Fit

Dose Est. Prob. Expected Observed Size Scaled Residual

0.3000  0.0002 0.042 0 204 -0.206
0.9000  0.0201 9.511 9 474 -0.167
1.5000  0.0861 47.881 48 556 0.018
2.1000  0.1808 84.795 &5 469 0.025
2.7000  0.2829 89.972 93 318 0.377
3.3000  0.3805 54.032 53 142 -0.178
3.9000  0.4684 20.608 20 44 -0.184
4.5000  0.5451 5.996 5 11 -0.603

Chi*2=0.64 d.f.=6 P-value = 0.9957

Benchmark Dose Computation

Specified effect = 0.01

Risk Type = Extra risk
Confidence level = 0.95
BMC = 0.734223

BMCL

0.634946
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Probit Model with 0.95 Confidence Level
os [ " Prabit
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Gamma Model. (Version: 2.11; Date: 10/31/2007)
Input Data File: C:\BMDS\HNIZDO_SILICA DATA.(d)
Gnuplot Plotting File: C:\BMDS\HNIZDO SILICA DATA. plt
Fri Sep 05 14:25:15 2008

BMDS MODEL RUN

The form of the probability function is:

P[response]= background+(1-background)*CumGamma[slope*dose,power],
where CumGamma(.) is the cummulative Gamma distribution function

Dependent variable = COLUMN3
Independent variable = COLUMNI
Power parameter is restricted as power >=1

Total number of observations = 8

Total number of records with missing values = 0
Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

Default Initial (and Specified) Parameter Values

background = 0.00121951
slope = 0.233825
power = 1.48697

Asymptotic Correlation Matrix of Parameter Estimates

(*** The model parameter(s) -background have been estimated at a boundary point, or have been
specified by the user, and do not appear in the correlation matrix )

slope power
slope 1 0.99

power 0.99 1
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Parameter Estimates: 95.0% Wald Confidence Interval

Variable Estimate Std. Err. Lower Conf. Limit  Upper Conf. Limit
background 0 NA * *
slope 0.690115 0.110563 0.473417 0.906814
power 3.02915 0.328885 2.38454 3.67375

NA - Indicates that this parameter has hit a bound implied by some inequality constraint and thus has no
standard error.

Analysis of Deviance Table

Model Log(likelihood) # Param's Deviance Test d.f. P-value
Full model -753.882 8
Fitted model -755.32 2 2.87523 6 0.8243
Reduced model -902.699 1 297.634 7 <.0001

AIC: 1514.64
Goodness of Fit

Dose  Est. Prob. Expected Observed  Size Scaled Residual

0.3000  0.0012 0.238 0 204 -0.488
0.9000  0.0240 11.365 9 474 -0.710
1.5000  0.0837 46.515 48 556 0.228
2.1000  0.1734 81.336 85 469 0.447
2.7000  0.2800 89.027 93 318 0.496
3.3000  0.3909 55.504 53 142 -0.431
3.9000  0.4971 21.874 20 44 -0.565
4.5000  0.5933 6.526 5 11 -0.937

Chi*2=2.62 d.f.=6 P-value = 0.8546

Benchmark Dose Computation

Specified effect = 0.01

Risk Type = Extra risk
Confidence level = 0.95
BMC = 0.646433

BMCL

0.537441
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Gamma Multi-Hit Model with 0.95 Confidence Level

na | Gamma Multi-Hit
BMD Lower Bound

07 F

ng

0a f

04

03 ¢

Fraction Affected

nz2 ¢

01 f

BnMOL BMD

a 0.4 1 1.5 2 25 3 3.4 4 4.5

dose
14:26 09/05 2003
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Logistic Model. (Version: 2.9; Date: 02/20/2007)
Input Data File: C:\BMDS\HNIZDO_SILICA DATA.(d)
Gnuplot Plotting File: C:\BMDS\HNIZDO SILICA DATA. plt
Wed Jan 23 12:21:45 2008

BMDS MODEL RUN

The form of the probability function is:
P[response] = background+(1-background)/[ 1+EXP(-intercept-slope*Log(dose))]

Dependent variable = COLUMN3
Independent variable = COLUMNI1
Slope parameter is not restricted

Total number of observations = 8

Total number of records with missing values = 0
Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

User has chosen the log transformed model

Default Initial Parameter Values

background = 0
intercept = -3.35008
slope = 229195

Asymptotic Correlation Matrix of Parameter Estimates

(*** The model parameter(s) -background have been estimated at a boundary point, or have been
specified by the user, and do not appear in the correlation matrix )

intercept slope
intercept 1 -0.91

slope -0.91 1
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Parameter Estimates: 95.0% Wald Confidence Interval

Variable Estimate Std. Err. Lower Conf. Limit  Upper Conf. Limit
background 0 * * *
intercept -3.4062 *
slope 2.48522 *

* _ Indicates that this value is not calculated.

Analysis of Deviance Table

Model Log(likelihood) # Param's Deviance Test d.f.
Full model -753.882 8
Fitted model -755.427 2 3.09023 6
Reduced model -902.699 1 297.634 7

AIC: 1514.85
Goodness of Fit

Dose  Est. Prob. Expected Observed  Size Scaled Residual

0.3000  0.0017 0.339 0 204 -0.583
0.9000  0.0249 11.798 9 474 -0.825
1.5000  0.0833 46.306 48 556 0.260
2.1000  0.1733 81.284 85 469 0.453
2.7000  0.2814 89.471 93 318 0.440
3.3000  0.3920 55.660 53 142 -0.457
3.9000  0.4940 21.797 20 44 -0.524
4.5000  0.5822 6.404 5 11 -0.858

Chi*2 =2.71 df.=6 P-value = 0.8446

Benchmark Dose Computation

Specified effect = 0.01

Risk Type = Extra risk
Confidence level = 0.95
BMC = 0.619776
BMCL = 0.519247

P-value

0.7974
<.0001
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Log-Lagistic Model with 0.95 Confidence Level
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Multistage Model. (Version: 2.8; Date: 02/20/2007)
Input Data File: C:\BMDS\HNIZDO_SILICA DATA.(d)
Gnuplot Plotting File: C:\BMDS\HNIZDO SILICA DATA. plt
Fri Mar 07 14:56:37 2008

BMDS MODEL RUN

The form of the probability function is:
P[response] = background+(1-background)*[1-EXP(-betal*dose™1-beta2*dose”2)]

Dependent variable = COLUMN3
Independent variable = COLUMNI1
Slope parameter is not restricted

Total number of observations = 8

Total number of records with missing values = 0
Number of parameters in model = 3

Total number of specified parameters = 0

Degree of polynomial = 2

Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

Default Initial Parameter Values
background = 0
Beta (1) = 0.130742
Beta (2)=  0.00770945

Asymptotic Correlation Matrix of Parameter Estimates

(***he model parameter(s) -Background -Beta(1) have been estimated at a boundary point, or have been
specified by the user, and do not appear in the correlation matrix)

Beta 2

Beta 2 1
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Parameter Estimates: 95.0% Wald Confidence Interval

Variable Estimate Std. Err. Lower Conf. Limit  Upper Conf. Limit
background 0 * * *
beta (1) 0 *
beta (2) 0.0426857 *

* _ Indicates that this value is not calculated.

Analysis of Deviance Table

Model Log(likelihood)  # Param's Deviance Test d.f. P-value
Full model -753.882 8
Fitted model -757.724 1 7.68353 7 0.3613
Reduced model -902.699 1 297.634 7 <.0001

AIC: 1517.45
Goodness of Fit

Dose Est. Prob. Expected Observed Size Scaled Residual

0.3000  0.0038 0.782 0 204 -0.886
0.9000  0.0340 16.109 9 474 -1.802
1.5000  0.0916 50.916 48 556 -0.429
2.1000  0.1716 80.474 85 469 0.554
2.7000  0.2674 85.039 93 318 1.009
3.3000  0.3718 52.791 53 142 0.036
3.9000  0.4776 21.013 20 44 -0.306
4.5000  0.5787 6.366 5 11 -0.834

Chi*2=6.33 df.=7 P-value = 0.5017

Benchmark Dose Computation

Specified effect = 0.01

Risk Type = Extra risk
Confidence level = 0.95
BMC = 0.485232
BMCL = 0.422197

BMCU = 0.508803

Taken together, (0.422197, 0.508803) is a 90% two-sided confidence interval for the BMD
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Multistage Maodel with 0.95 Confidence Level

0a Multistage
BMD Lower Bound

07 F
ng
ns

04

03} /

02 /
01} /

BEmDL BMD

Fraction Affected

a 0.5 1 1.5 2 25 3

dose
14:66 0307 2003



Silica, Crystalline Forms
Page 68

Appendix 3B. Hughes et al. (1998)

Benchmark dose modeling of silicosis incidence data was performed using data presented below. These
data were generated from the raw data used in Hughes et al. (1998) kindly provided by Dr. Checkoway.
The lower end of each exposure interval was conservatively used to model the data.

Cumulative | Number of workers Number of cases
Exposure restricted to
(mg/m*-yr) exposure interval
0 86 1
0.01-2 1111 13
2-4 325 11
4-6 152 18
6-8 49 9
8-10 32 11
10-12 12 3
12-14 17 7
14-16 7 4
16-18 4 1
18-20 6 2
>20 10 4

All available dichotomous models were run to determine which model best fit the data. Models with p-
values less than 0.1 were rejected. The results for the six models with p-values greater than 0.1 are
presented here. Based on the AIC, the probit model using log-transformed data is the best fitting model
and was used to develop the point of departure.

BMDS Model | BMCy, BMCL,; | p-value for fit AIC Scaled Residual*
Log Probit 1.20237 | 0.790704 0.8116 529.934 0.100
Log Logistic 0.891493 | 0.522664 0.6554 531.512 0.149
Gamma 0.847794 | 0.45528 0.5508 532.465 0.142
Weibull 0.736723 | 0.410677 0.4844 533.15 0.169
Multistage 0.931604 | 0.781309 0.3099 535.217 0.206
Quantal Linear | 0.357394 | 0.290944 0.2743 535.279 0.330

* Scaled residuals at estimated response closest to the BMRy;
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Probit Model (Version: 2.8; Date: 2/20/2007)
Input Data File: C:\BMDS\HUGHES SILICA DATA.(d)
Gnuplot Plotting File: C:\BMDS\HUGHES SILICA DATA.plt
Wed Jan 23 13:38:19 2008

BMDS MODEL RUN

The form of the probability function is:

P[response] = background + (1-background) * CumNorm(Intercept+Slope*Log(Dose)),
Where CumNormy(.) is the cumulative normal distribution function

Dependent variable = COLUMN3
Independent variable = COLUMNI1
Slope parameter is not restricted

Total number of observations = 12

Total number of records with missing values = 0
Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

Default Initial (and Specified) Parameter Values
Background = 0.0116279
Intercept = -1.94677
Slope = 0.40548

Asymptotic Correlation Matrix of Parameter Estimates

Background Intercept Slope
Background 1 -0.2 0.13
Intercept -0.2 1 -0.92
Slope 0.13 -0.92 1

Parameter Estimates: 95.0% Wald Confidence Interval
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Variable Estimate Std. Err. Lower Conf. Limit Upper Conf. Limit
Background  0.0113834 0.00300658 0.00549058 0.0172761
Intercept -2.48506 0.206541 -2.88988 -2.08025
Slope 0.861185 0.115956 0.633916 1.08845
Analysis of Deviance Table
Model Log(likelihood) # Param's Deviance Test d.f. P-value
Full model -259.352 12
Fitted model -261.967 3 5.2307 9 0.8138
Reduced model -339.97 1 161.236 11 <.0001
AIC: 529.934
Goodness of Fit
Dose Est. Prob. Expected Observed Size Scaled Residual
0.0000 0.0114 0.979 1 86 0.021
0.0100 0.0114 12.647 13 1111 0.100
2.0000 0.0406 13.179 11 325 -0.613
4.0000 0.1086 16.504 18 152 0.390
6.0000 0.1825 8.943 9 49 0.021
8.0000 0.2524 8.076 11 32 1.190
10.0000 0.3157 3.788 3 12 -0.489
12.0000 0.3722 6.328 7 17 0.337
14.0000 0.4226 2.958 4 7 0.797
16.0000 0.4674 1.869 1 4 -0.971
18.0000 0.5073 3.044 2 6 -0.852
20.0000 0.4530 5.430 4 10 -0.908

Chi*2=5.25 d.f.

=9 P-value = 0.8116

Benchmark Dose Computation:

Specified effect

Risk Type

Confidence level

BMC
BMCL

0.01
Extra risk
0.95
1.20237
0.790704
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Logistic Model (Version: 2.9; Date: 2/20/2007)
Input Data File: C:\BMDS\HUGHES SILICA DATA.(d)
Gnuplot Plotting File: C:\BMDS\HUGHES SILICA DATA.plt
Wed Jan 23 13:36:06 2008

BMDS MODEL RUN

The form of the probability function is:

P[response] = background + (1-background)/[1+EXP(-intercept-slope*Log(dose))]

Dependent variable = COLUMN3
Independent variable = COLUMNI
Slope parameter is not restricted

Total number of observations = 12

Total number of records with missing values = 0
Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

Default Initial (and Specified) Parameter Values
Background = 0.0116279
Intercept = -3.88976
Slope = 1.23816

Asymptotic Correlation Matrix of Parameter Estimates

Background Intercept Slope
Background 1 -0.19 0.13
Intercept -0.19 1 -0.93
Slope 0.13 -0.93 1

Parameter Estimates: 95.0% Wald Confidence Interval
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Variable Estimate Std. Err. Lower Conf. Limit Upper Conf. Limit
Background  0.0112203 * * *
Intercept -4.41656 * * *
Slope 1.5546 * * *

*Indicates that this value is not calculated

Analysis of Deviance Table

Model Log(likelihood) # Param's Deviance Test d.f. P-value
Full model -259.352 12
Fitted model -262.756 3 6.80866 9 0.657
Reduced model -339.97 1 161.236 11 <.0001

AIC: 531.512
Goodness of Fit

Dose Est. Prob. Expected Observed Size Scaled Residual

0.0000 0.0112 0.965 1 86 0.036
0.0100 0.0112 12.476 13 1111 0.149
2.0000 0.0451 14.655 11 325 -0.977
4.0000 0.1045 15.889 18 152 0.560
6.0000 0.1731 8.480 9 49 0.196
8.0000 0.2429 7.774 11 32 1.330
10.0000 0.3100 3.720 3 12 -0.449

12.0000 0.3722 6.327 7 17 0.338
14.0000 0.4287 3.001 4 7 0.763
16.0000 0.4794 1.917 1 4 -0.918
18.0000 0.5246 3.148 2 6 -0.938
20.0000 0.5648 5.648 4 10 -1.051

Chi*2=6.82 d.f.=9 P-value = 0.6554

Benchmark Dose Computation:

Specified effect = 0.01
Risk Type = Extra risk
Confidence level = 0.95
BMC = 0.891493

BMCL = 0.522664
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Appendix 4. Silica Epidemiological Review and Dose-Response
Modeling - Inclusion of Individual Studies

Robert L. Sielken Jr., Ph.D., and Ciriaco Valdez Flores, Ph.D., P.E.
Sielken & Associates Consulting Inc.
3833 Texas Avenue, Suite 230, Bryan, TX 77802
Tel: 979-846-5175; Fax: 979-846-2671;
Email: SielkenAssoc@aol.com

August 27, 2009

Sielken and Associates Consulting Inc. (Sielken & Associates) reviewed the literature related to the
Vermont granite workers exposed to silica and its relation to lung cancer. Sielken & Associates also
reviewed the published literature related to the study of workers exposed to silica in Diatomaceous earth
industry and their lung cancer mortality. Sielken & Associates reviewed these two studies that have been
published to determine if there are information in the literature that is not also reflected in the Steenland et
al. (2001) meta-analysis of lung cancer mortality and exposure to silica. Recommendations as to whether
to include separate analyses of the Vermont granite workers and the Diatomaceous earth industry cohorts

in the silica DSD does not contradict or overlap the meta-analyses results obtained from Steenland et al.
(2001).

1. Background

The principal study being considered by TCEQ is a pooled risk assessment published in Steenland, K., A.
‘t Mannetje, P. Boffetta, L. Stayner, M. Attfield, J. Chen, M. Dosemeci, N. DeKlerk, E. Hnizdo, R.
Koskela, and H. Checkoway (2001). Pooled Exposure-Response Analyses and Risk Assessment for Lung
Cancer in 10 Cohorts of Silica-Exposed Workers: An [ARC Multicentre Study. Cancer Causes and
Control, 22:773-784.

Sielken & Associates has done preliminary analyses of the Steenland et al. (2001) meta-analysis risk
assessment and the following two cohorts that are part of the Steenland et al. (2001) meta-analysis:

1) Vermont Granite Workers (University of Vermont and NIOSH) in

a) Costello, J and GB Graham 1988. Vermont Granite Workers’ Mortality Study. American
Journal of Industrial Medicine 13:483-497,

b) Attfield, MD and J Costello 2004. Quantitative Exposure-Response for Silica Dust and Lung
Cancer in Vermont Granite Workers. American Journal of Industrial Medicine 45:129-138,

¢) Graham, WGB, J Costello and PM Vacek 2004. Vermont Granite Mortality Study: An Update
With an Emphasis on Lung Cancer. Journal of Occupational and Environmental Medicine,
46:459-466.
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d) Graham, WGB 2004. RE: Attfield M, Costello J. Quantitative Exposure-Response for Silica
Dust and Lung Cancer in Vermont Granite Workers. Am J Ind Med 45:129-138, 2004. Letter
to the editor, American Journal of Industrial Medicine 46:89.

e) Vacek, PM 2007. Vermont Granite Worker Cohort. Electronic letters to Occupational and
Environmental Medicine regarding the article by KM Applebaum, EJ Malloy, and E Eisen
2007. Reducing healthy worker survivor bias by restricting date of hire in a cohort study of
Vermont granite workers. Occup Environ Med.

2) Diatomaceous Earth Industry (NIOSH) in

a) Checkoway H, NJ Heyer, NS Seixas, EAE Welp, PA Demers, JM Hughes, and H Weill 1997.
Dose-Response Associations of Silica with Nonmalignant Respiratory Disease and Lung
Cancer Mortality in the Diatomaceous Earth Industry. American Journal of Epidemiology,
145:680-688.

b) Rice, FL, R Park, L Stayner, R Smith, S Gilbert, H Checkoway 2001. Crystalline silisca
exposure and lung cancer mortality in diatomaceous earth industry workers: a quantitative risk
assessment, 58:38-45.

2. Vermont Granite Workers (University of Vermont and NIOSH)

The results reported by Steenland et al. (2001) for the Vermont U.S. granite workers study are based on
the data first published by Costello and Graham (1988) with exposure estimates developed by Attfield in
a personal communication to Steenland et al. This cohort was followed up to 1982 and, as described by
Costello and Graham (1988), included men that had been employed between 1950 and 1982 and that had
been x-rayed at least once in a special surveillance program. This original cohort included 5,414 workers
with 1,643 deaths and 118 lung cancer deaths.

Attfield and Costello (2004) extended the period of follow up from 1982 to 1994. In addition, they
presented dose response analyses of lung cancer with cumulative exposure to silica. The updated data set
included 201 lung cancer deaths (83 more than in the original Costello and Graham (1988) study).
Steenland et al. (2001), using Cox proportional hazards models, obtained a coefficient of 0.0146 and a
standard error of the estimate of 0.0285 for the Vermont granite worker cohort with cumulative exposure
lagged 15-years. Using a Wald’s test for significance, the p-value of the coefficient estimated by
Steenland et al. is 0.61. Attfield and Costello (2004), using Poisson regression models, obtained a
coefficient of 0.012 (no standard error was reported) with a significance level of 0.61. The ratio of the
estimate obtained by Steenland et al. to that obtained by Attfield and Costello is only 1.2. The
significance level of both estimates is 0.61.

It seems then, that using the Poisson model fit to the most recent data of the Vermont granite workers or
the Cox proportional hazards model fit to the original data of the same cohort results in approximately the
same estimates. Furthermore, it is expected that using the results of the most recent data would hardly
change the estimate of the pooled analysis reported in Steenland et al. (2001).

3. U.S. Diatomaceous Earth Industry (NIOSH)
The results reported by Steenland et al. (2001) for the U.S. diatomaceous earth industry study are based
on the data published by Checkoway et al. (1997) and Rice et al. (2001). This cohort was followed from
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1942 to 1994 and included white men that were employed for at least 12 months and worked sometime
between 1942 and 1987. The cohort was restricted to workers that were not exposed to asbestos. There
were 749 deceased workers by the end of follow up and 77 of those had lung cancer.

Checkoway et al. (1997) used Poisson regression and cumulative exposure to respirable crystalline silica
with 0 and 15-year lags to fit the lung cancer mortality in the diatomaceous earth industry cohort.
Although Checkoway et al. did not specify the model used, most likely they used the standard log-linear
model, namely;

RR = exp {pxCumulativeExposure}.

Checkoway et al. estimated the slope of rate ratio per mg/m’-year to 1.05 for cumulative exposures lagged
5 years. Because the RR=exp {}=1.05, this implies an estimate of the parameter 3 of 0.0488 or
approximately 0.05.

Rice et al. (2001) also used several Cox proportional hazards and Poisson regression models in addition to
the Poisson regression models used by Checkoway et al. (1997). Rice et al. adjusted for the same
covariate effects than Checkoway et al. Rice et al. found that the Cox and Poisson regression resulted in
similar models and showed results for the Poisson regression models only. Rice et al. also found that
cumulative exposures lagged 10 years provided the best fit to the data and only reported results for
cumulative exposures lagged 10 year. For the log-linear model and cumulative exposures lagged 10 years
Rice et al. estimated the parameter  to be 0.0508 with a significance value of 0.026.

The most comparable three estimates of the log-linear model fit to lung cancer mortality in the U.S.
diatomaceous earth industry cohort are then given in the following table.

Source Exposure Lag | Parameter p-value
(years) Estimate
Checkoway et al. (1997) 15 0.0488 Not Reported
Rice et al. (2001) 10 0.0508 0.026
Steenland et al. (2001) 15 0.0500 0.022

The parameter estimated by Rice et al. is for cumulative exposure lagged 10 years whereas the parameters
estimated by Checkoway et al. and Steenland et al. are for cumulative exposure lagged 15 years. The
parameters estimated by Checkoway et al. and Rice et al. are based on the same data while the estimate
by Steenland et al. is based on the same cohort but with fewer years of follow-up. Although the parameter
estimates are not based on exactly the same assumptions, they are within 5% of each other and with
approximately the same level of statistical significance (i.e., similar p-value).

4. Conclusions

The most recent literature for two studies in the Steenland et al. (2001) meta-analysis of lung cancer and
silica exposure was reviewed. The U.S. diatomaceous and the U.S. granite studies were independently
evaluated and published by other scientists and found results very similar to those reported by Steenland
et al. The fact that the findings of these two studies are supportive of Steenland et al. results raises
confidence on their pooled analysis based on ten cohorts.
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Appendix 5. US and Texas Survival and Lung Cancer Mortality
Rates

Lung Cancer Mortality Rates Survival Rates
Age US® | Texas’ Age US' | Texas’
(years) | (2003) (2003) (years) | (2003) | (2003)
0 0 0 0 1 1
1 0 0 1 0.99313 | 0.993
5 0 0 5 0.99189 | 0.992
10 0 0 10 0.99116 | 0.991
15 0 0 15 0.9902 | 0.990
20 0.1 0.3 20 0.98693 | 0.987
25 0.2 0.4 25 0.98219 | 0.982
30 0.6 1.6 30 0.97752 | 0.977
35 2.6 6.9 35 0.9721 | 0.972
40 9.0 14.2 40 0.96442 | 0.964
45 20.7 26.9 45 0.95285 | 0.952
50 41.5 59.3 50 0.93584 | 0.935
55 85.2 109.2 55 091181 | 0.911
60 152.0 165.6 60 0.87774 | 0.876
65 234.9 228.9 65 0.82688 | 0.824
70 318.6 271.8 70 0.75555 | 0.751
! Arias (2006)

2 personal communication from Dr. David Risser, Texas Department of State Health Services
SEER (2007)
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