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Introduction: Effectively managing and reducing occupational exposure to 
crystalline silica continues to be a critical priority for public health agencies. The 
relationship between workplace inhalation exposure to respirable crystalline silica 
(RCS) and the onset of silicosis is well known. The body of evidence has shaped the 
evolution and promulgation of specific standards for the assessment and control of 
workplace RCS exposures. However, ongoing health effects research continues to 
explore the impacts of the physical and chemical forms of crystalline silica and the 
potential of RCS to cause lung-disease. Further, the levels at which occupational 
RCS exposure potentially increases the risk of lung cancer in occupational settings 
remains uncertain. Even less is known of the risk of lung disease associated with 
community level exposure to RCS. This investigation examines the implications for 
assessing community exposure and silicosis and lung cancer risk from: (1) direct 
quantitative application of occupational epidemiology data using non-threshold 
assumptions, and (2) application of threshold-like risk assessment approaches 
informed by mode of action hypotheses. An evidence integration approach is 
proposed with refinements to traditional methods that incorporates updates 
for scenario extrapolation based on the hazard quotient (HQ) approach. The 
approach extends the traditional application of adjustment factors in extrapolating 
from occupational dose–response data to include three modifying factors that 
address scenario-relevant data on inhalation dosimetry, exposure intensity, and 
relative potency of RCS forms.

Methods: Community RCS exposures adjacent to National Sand, Stone, and 
Gravel Association (NSSGA) member facilities were estimated from exposure 
levels a forthcoming publication. The exposure levels were supplemented by 
publicly available data from state and federal governing bodies. Three modifying 
factors were hypothesized as key in determining the disease-causing potential 
of RCS from community exposures when extrapolating from occupational 
epidemiology findings. The analysis and review of the literature focused on the 
current research outlining each of the three factors. RCS dose-response data 
for lung cancer and silicosis were obtained from a recent systematic review and 
supplemented by web-based literature searches. Traditional risk assessment 
methods were applied to the epidemiological study results. For cancer risk based 
on linear dose–response assumptions, theoretical risk estimates for ambient and 
background levels of RCS were calculated using an occupational epidemiology-
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based regression equation. Further, traditional health-based limits derived from 
a point of departure and application of adjustment factors were also used to 
assess alignment of traditional risk assessment tools and observations regarding 
community risks.

Results: Occupational epidemiological studies included in the analysis were 
mixed, some showing a significant positive relationship between increasing silica 
exposure and lung cancer risk. However, other reviews have found no dose–
response relationship between silica and lung cancer. In-vivo dose–response 
studies in animals of RCS and lung cancer were similarly limited. All studies showed 
increased silicosis risks above various estimated thresholds. To explore the potential 
difference between silicosis and lung cancer risks at the general population level, 
a linear regression for lung cancer risk and cumulative exposure to RCS was 
performed. The regression analysis resulted in a lung cancer risk = 0.069(mg/m3) 
X + 1.17 (p = 0.017) and a silicosis risk = 1.75 (mg/m3) X + 1.67 (p < 0.001). At the 
community background exposure equivalent of 4 μg/m3, these regression analyses 
resulted in a RR for lung cancer of 1.17 (95% CI: 1.169–1.171) and a RR for silicosis 
of 1.68 (95% CI: 1.66–1.69). Mode of action analyses supported a threshold-like 
response for lung cancer with inflammatory markers being key drivers. The upper 
end of the range of HQs derived by comparing the range of community exposures 
to health-based limits for lung effects of RCS exceeded the target value of unity. 
These, estimates do not align with the lack of observed effects in communities 
adjacent to sand, stone, and gravel operations or locations with high background 
levels of ambient RCS.

Conclusion: Risk of silicosis and lung cancer due to community exposures to 
RCS need to be addressed in the context of observable increases of disease in 
populations exposed to low to moderate levels of RCS. Direct epidemiology 
studies of community exposures are lacking, but no clear indication of concern 
based on lung effect prevalence has been reported. In the absence of such data, 
extrapolations for risk assessment using occupational epidemiology data as a basis 
for potency estimates are used and need further adjustments. Application of such 
adjustments would likely support a conclusion that community exposures do not 
exceed the threshold necessary for carcinogenesis to observe elevated levels 
of lung cancer or for silicosis. This analysis supports a modified HQ or modified 
Margin of Safety (MOS) approach with additional modifiers including inhalation 
dosimetry, exposure intensity and potency that address differences between 
occupational and community exposure scenarios.
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1 Introduction

Effectively managing and reducing occupational exposure to 
crystalline silica continues to be a critical priority that has been the 
subject of public health science and media attention.1,2 The 
exposure profiles among various industry sectors, toxicologic 
potency and mode of action data, epidemiology study findings, and 
risk characterizations have been published in numerous 
comprehensive reviews by government agencies and in the 

1 Department of Labor issues final rule reducing silica dust exposure, better 

protecting miners’ health from irreversible workplace illnesses | U.S. Department 

of Labor.

2 Silica and Worker Health | Silica | CDC.

peer-reviewed literature over the last 10 years (1–4). The 
relationship between workplace inhalation exposure to crystalline 
silica in the respirable size fraction (RCS) and the onset of silicosis 
has been known historically and studied systematically for decades 
with increasing risk management activity. It is also known that the 
intensity of exposure and cumulative magnitude of exposure show 
a threshold dose–response relationship with silicosis incidence and 
severity (5, 6). The body of evidence has shaped the evolution and 
promulgation of specific standards for the assessment and control 
of workplace RCS exposures. In the U.S. this was most recently 
reflected in the promulgation of an updated workplace silica 
standard, reducing the permissible exposure limit (PEL) from an 
equivalent of 100 μg/m3 in general industry and 250 μg/m3 in 
construction, to 50 μg/m3 RCS with an action level of 25 μg/m3 in 
all industries (4). Despite this progress, some researchers argue 
that current occupational exposure limits may still be insufficient 
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to protect workers’ health and that implementing stricter exposure 
limits could potentially reduce silica-associated mortality (7–9).

While much is known about the occupational risks for silicosis 
and other non-cancer systemic effects associated with occupational 
exposures to RCS, there are many current uncertainties. Ongoing 
health effects research continues to explore the impacts of physical 
and chemical forms of crystalline silica on RCS potency (10–13), 
the underlying toxicological mode of action driving these effects 
(12, 14–18), and the presence and best estimate for a threshold 
concentration (and associated deposited dose) for onset of 
non-malignant diseases (19, 20), among other considerations. At 
what occupational levels increase lung cancer risk is increased (if 
at all) remains uncertain.

The evidence for a relationship between occupational exposure 
to RCS and increased lung cancer risk is mixed. Further dose–
response results for RCS and lung cancer remains uncertain. 
Numerous agencies have reviewed the risk profile of silica and lung 
cancer but to date have not established a carcinogenic dose 
response curve (1, 2, 21, 83). Indeed, regarding the exposure-
response relationship between crystalline silica and lung cancer 
ATSDR states “additional well-controlled occupational exposure 
studies would provide important information regarding exposure-
response relationship for c-silica-induced lung cancer and the 
relationship between silicosis and lung cancer” (1). IARC (2) and 
NTP (83) do not provide a dose–response approach or potency 
estimate as these agencies historically provided only hazard 
classifications and characterizations. OSHA (4) reported an 
estimated threshold effect for inflammation and carcinogenesis of 
36 μg/m3 over a 45-year working lifetime. None of these regulatory 
agencies provide a dose–response relationship for RCS induced 
lung cancer.

From a mode of action (MOA) view, potential relationships 
predicated on arguments related to secondary impacts of 
inflammation, cytotoxicity, and oxidative stress are appealing from 
a biological plausibility perspective (14–16, 18, 22, 23). Further, 
animal bioassays, while limited, may support the carcinogenicity of 
RCS in rats, but not in mice or hamsters (2, 24–28). Among these 
studies, 7 were full lifetime cancer bioassays (recovery periods 
varied but were either 6 weeks, 4, 8, 12, 16, or 34 months after 
exposure). In these studies, increase in lung tumors was found 
among rats (but not hamsters or mice). Further, exposure to RCS in 
the occupational epidemiology literature provides mixed results 
with some studies indicating a potential increased risk, particularly 
among workers with silicosis (29, 30). Further, some investigators 
have concluded that exposure to silica at levels above the current 
occupational exposure limits can lead to silicosis, lung cancer, and 
other respiratory diseases (8, 31). However, other well-designed 
studies have not shown such an association between RCS exposure 
and cancer, even for exposure groups that do have an increased 
silicosis risk (14, 19, 32–38). Thus, while plausible MOA hypotheses 
have been suggested, the in  vivo toxicology and epidemiology 
provide less-compelling results.

Further complicating the mixed results in occupational 
epidemiology, is the translation of such data to the general 
population or community level exposure scenarios. This manuscript 
examines the relevance and applicability of the relationships 
reported between historical occupational RCS exposure and 
silicosis and lung cancer risks to the significantly lower RCS 

exposure concentrations measured in communities surrounding 
and at the fence-line of sand, stone, and gravel extraction facilities. 
Reliance on occupational epidemiology data is necessary, in the 
absence of community epidemiological studies having sufficient 
statistical power to address potentially increased cancer risks [(2), 
pp. 367–358]. Specifically, this analysis examines the implications 
for community exposure cancer risk assessment from: (1) direct 
quantitative application of occupational epidemiology data, and (2) 
application of threshold-like risk assessment approaches informed 
by mode of action hypotheses. The application of these traditional 
and simplistic extrapolations can generate misalignments between 
the predicted community risk and what is observed. This analysis 
proposes an evidence integration approach with refinements to 
traditional methods that incorporates modifiers for scenario 
extrapolation based on RCS inhalation dosimetry, exposure 
intensity, and relative potency.

The goal of addressing community risks reflects growing interest 
in understanding the impacts of commercial sand, stone, and gravel 
operations on community health.3,4,5,6 Numerous studies have 
published RCS exposure data for community background as well as 
adjacent to commercial facilities (1, 39). Thus, contextualizing such 
exposure data is an important public health activity. Providing clear 
and transparent risk analyses supports communication and 
engagement among commercial and community partnerships and 
assessment on resource allocation to support community health and 
well-being. Therefore, our goal was to conduct a global view of 
potential risks across diverse sites and not to conduct an updated site-
specific de novo risk assessment. Rather we use the established linear-
no-threshold approach for cancer risk assessment as well as existing 
community exposure limits based on point of departure and 
adjustment factor methods and compare the results to real world 
exposure data (39).

2 Methods

2.1 RCS exposure levels

For the current analysis, community RCS exposures adjacent to 
National Sand, Stone, and Gravel Association (NSSGA) member 
facilities were estimated from exposure levels reported in Richards 
and Brozell (39). The exposure levels were supplemented by publicly 
available data from state and federal governing bodies such as EPA, 
OSHA, TCEQ, CalEPA, and state agency community reviews 
(Table 1). Web-based literature searches were conducted for reports 
and publications that characterized background ambient levels of 
RCS. Search strings included “silica,” “quartz,” “silica dust” AND 
“ambient,” “background,” “general population.” Abstracts and titles 
were screened, and relevant publications were reviewed in depth for 
reported RCS levels.

3 Community Public Health | US EPA.

4 Community Public Health Fact Sheet | US EPA.

5 Environmental public health research at the U.S. Environmental Protection 

Agency: A blueprint for exposure science in a connected world | Journal of 

Exposure Science & Environmental Epidemiology.

6 Environmental Justice | US EPA.
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2.2 Hypothesized factors influencing the 
disease-causing potential of RCS

We hypothesized that the following three factors may be key in 
determining the disease-causing potential of RCS and thus would 
need incorporated in extrapolations of occupational data to 
community health risk assessments. These factors were selected based 
on previous toxicological, industrial hygiene, and mineralogical 
knowledge and confirmed as potential modifying factors following 
focused literature review. Our analysis and review of the literature 
focused on analyzing the feasibility of and current research outlining 
each of the following three factors.

2.2.1 Inhalation dosimetry
Differences in breathing rate influence accumulation of fine 

particles within the lung due to lung dosimetry; breathing rate 
during exposure may drive increased risk in occupational study 
groups. Additionally, particle size differs between occupational and 
ambient scenarios which may impact RCS toxicity (40). Inhalation 
dosimetry tools can be used to adjust for differences in worker 
versus community deposited dose of RCS. Particle size and particle 
distribution contribute significantly to the estimate of biological 
relevant deposited dose. While occupational and ambient RCS 
exposure can contribute to respiratory diseases from a biological 
plausibility perspective, particle size itself has been shown to be a 
crucial factor in disease outcomes (40). For example, nano and 
micro-particles have been shown to exhibit distinct cellular toxicity 
regardless of molecular chemistry (11). Therefore, adequately 
accounting for the physical characteristics of RCS in airborne dust 
is imperative on setting community health-based limits and better 
understanding the disease-causing potential of RCS.

2.2.2 Intensity
It is known that silica exposure can occur in both occupational 

and ambient settings, with occupational exposure typically being 
higher and more strongly associated with silicosis (41, 42). 
Additionally, the intensity of RCS exposures influences the rapidity 
and frequency of silicosis (1). Accelerated silicosis is associated 
with intense short-term exposure to fine RCS particles and is a 
rapidly progressive form of silicosis (1). In general, rapid silicosis 
develops between 5 to 10 years after initial exposure, however it is 
typically associated with more moderate exposures than silicosis, 
potentially due to differences in the nature of exposure (e.g., 
intensity and particle size) (1). Ambient silica levels are lower, with 
current data suggesting that maintaining PM10 standards is 
adequate for protection against fibrotic effects in non-compromised 
individuals (42). However, of particular concern to evaluate is 
whether and the degree to which ambient silica levels exceed 

general background levels downwind of industrial sources (39, 43). 
Therefore, both occupational and ambient silica exposure may 
contribute to respiratory diseases if exposure levels are sufficient, 
with particle size being a crucial factor in determining health 
impacts (40). Further, the dose rate or intensity of exposures are 
likely quite different when comparing occupational and community 
exposures  – and data comparing these differing scenarios 
are lacking.

2.2.3 Potency
Potency of RCS is a function of particle size, shape, and 

mineralogical composition. Potency of exposure for a given RCS dose 
may influence lung effects as background populations are exposed to 
larger weathered particles while occupational populations are exposed 
to freshly fractured fine particles, (i.e., particles that may be more 
potent toxicants to the lung). The fibrogenic potential of crystalline 
silica can differ based on exposure circumstances (44). Weathering 
processes can alter the mineralogical composition of silica-containing 
materials, with quartz being replaced by opaline silica in some cases 
(45). Specifically, cristobalite and quartz are the most cytotoxic forms 
when compared to coesite, stishovite and tridymite (44). Quartz is the 
most common polymorph encountered in occupational settings and 
therefore the polymorph of most concern. However, it can be expected 
that ambient RCS exposure levels may not be polymorph specific, and 
it is unclear as to the exact polymorphic breakdown to which the 
general population is exposed. Current estimates indicate that 
background levels of silica contain quartz, coesite, stishovite and 
tridymite in various concentrations (44). Occupational cohorts may 
be exposed to a more potent compound on a mass-to-mass basis than 
the general community, however specific data on potency factors is 
lacking. The chemical reactivity and toxic properties of crystalline 
silica may be  due to the chemical structure of RCS which is 
characterized by silonal groups (SiOH) which protrude from its 
crystal surface. When compared to the other forms of RCS, cristobalite 
and quartz have a higher density of silanol groups. However, the 
current weight of evidence from experimental studies in vitro and 
in  vivo suggests no clear differences between the cytotoxic, 
inflammatory or fibrogenic properties between cristobalite and quartz 
(44). Thus, in assessing the relative potency of occupational versus 
community exposures the prevalence of different polymorphs and 
effects of aging on aerosol potency need to be considered.

2.3 Dose–response analyses

RCS dose–response data for lung cancer and silicosis were obtained 
from epidemiological studies reviewed in Mundt et al. (35). Tables 2, 3 
report cumulative silica exposure levels (mg/m3 – years) and effect 

TABLE 1 Summary adapted from Richards and Brozell (39) (Table 3-1).

Average quartz concentrations in ambient air in 22 US cities

States Avg. # of samples Avg. coarse quartz ug/m3 (>PM 
2.5 - < PM15)

Avg. fine quartz ug/m3 
(PM2.5)

22 States from Boston, MA to five 

points, CA

5 3.5 0.36

Range 1.0–8.0 0.0–1.9
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estimates from eight studies reporting silicosis among occupational 
populations and ten studies of lung cancer among occupational 
populations exposed to RCS, respectively. The works presented in 
Mundt et al. (35), typically were by age, occupation, job title, tobacco use 
and concomitant chemical exposures. Therefore, our goal was not to 
conduct a new site-specific risk assessment but rather to conduct a 
global view of potential risks across diverse sites. We relied on real-world 
exposure measurements from Richards and Brozell (39) and the 
cumulative silica exposure effect estimates from Mundt et al. (35). RCS 
cumulative exposure levels in mg/m3-yrs and silicosis and cancer were 
extracted from studies detailed in Tables 2, 3 respectively. We adjusted 

for exposure duration and standardized exposures to a cumulative 
exposure metric (mg/m3-years). Exposure levels and risks were then 
collated for dose–response analysis. Additional dose-response data were 
supplemented with web-based literature searches. PubMed was the 
primary search engine and search strings included the terms “silica,” 
“quartz” “silica dust” “respirable crystalline silica” “RCS” AND “lung,” 
“lung cancer” “carcinoma” and “carcinogen.” Data were analyzed using 
Rstudio (Version 4.4.2, Rstudio Team (85), Rstudio: Integrated 
Development for R. Rstudio, PBC). Linear regression analysis and plots 
were performed in Rstudio using ggplot2() and the lm() functions. 
Exposure data and relative risks were also analyzed via non-linear 

TABLE 2 Lifetime silicosis and lung cancer risk (4).

Silicosis lifetime risk (4) Lung cancer lifetime risk (68)

Exposure (45 yrs) Risk Smoking status Risk

0.05 mg/m3 20–170 in 1,000 Male never smoker 13 in 1,000

0.1 mg/m3 60–773 in 1,000 Male current smoker 172 in 1,000

TABLE 3 Occupational and community health-based RCS exposure limits.

Agency Level (ug/m3) Duration Particle size Basis Cancer 
affects (Y/N)

Community ambient 

air levels

CalEPA 3 Chronic PM4 N/A N

Idaho DEQ 2.5 cristobalite, 

tridymite 5 (quartz, 

tripoli)

24-h NA N/A N

Indiana IDEM 3.1 (indoor) Chronic PM4 Adopted CalEPA N

Maryland MDE 0.25 Chronic PM4 Derived from ACGIH 

TLV-TWA of 25 ug/m3

N

Michigan DEGLE 3 Chronic PM4 Adopted CalEPA N

Minnesota Pollution 

Control Agency

3 Chronic PM4 Adopted CalEPA N

New Hampshire DES 0.06 Chronic - carcinogen PM4 Derived from ACGIH 

TLV-TWA of 25 ug/m3

Y

New Jersey DEP 3 Chronic PM4 Adopted CalEPA N

New York DEC 2 Chronic PM4 Adopted TCEQ N

North Dakota DEQ 0.5 8-h PM4 Derived from ACGIH 

TLV-TWA of 25 ug/m3

N

Oregon DEQ 3 Chronic PM4 Adopted CalEPA N

Texas TCEQ 0.27 Chronic - carcinogen PM4 N/A Y

Vermont DEC 0.12 Chronic NA N/A N

Virginia DEQ 3 Chronic Respirable N/A N

Washington 

Department of Ecology

3 24-h Respirable N/A N

Occupational 

exposure limits

CalEPA 50 PEL PM4 8-h TWA N

Cal OSHA 50 PEL PM4 8-h TWA N

ACGIH 50 TLV PM4 8-h TWA Y

ACGIH 25 TLV-TWA PM4 10-h TWA Y

OSHA 50 PEL PM4 8-h TWA Y

MSHA 50 PEL PM4 8-h TWA Y

NIOSH 50 REL PM4 8-h TWA Y

https://doi.org/10.3389/fpubh.2025.1558778
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Russell et al. 10.3389/fpubh.2025.1558778

Frontiers in Public Health 06 frontiersin.org

regression under a Poisson distribution using the glm() function in 
ggplot2 (available upon request). These results did not substantially 
improve the model fit (data not shown) and therefore the linear 
regression results are presented (see Table 4).

For animal data PubMed literature searches for lung cancer 
benchmark dose models (BMD) and existing benchmark dose limits 
(BMDL) were conducted using search terms “benchmark dose 
modeling,” “BMD,” “in vitro,” “silica,” “SiO2,” and “cancer” or “lung 
cancer.” These results were cross-referenced with IARC (2) and 
ATSDR (1) for completeness.

2.4 Risk characterization methods

Traditional risk assessment methods were applied to the above 
reported study results. For cancer risk based on linear dose–response 
assumptions, theoretical risk estimates for ambient and background 
levels of RCS were calculated using the resulting occupational 
epidemiology-based regression equation after adjustment of input 
exposure doses for extrapolation to a community relevant exposure 
duration. For extrapolation from the animal data, exposure levels were 
standardized, and crude odds ratios (ORs) were calculated utilizing 
the observed incidence of lung cancer among exposed and unexposed 
rats, mice and hamsters from studies reported in (2). The assessment 
approach under the assumption of a threshold-like response is 
presented as a HQ. These methods are typical for EPA methods 
community risk assessment (46).

3 Results

3.1 Epidemiological analysis of RCS 
exposure levels and associated dose 
response

Meta-analyses and dose–response studies within our epidemiological 
review showed a clear dose–response relationship with increasing 
exposure resulting in increasing risk of silicosis. Generally, clear 
increased risk of silicosis were observed at lower exposure concentrations 
than for lung cancer. Several epidemiological studies showed a significant 
positive relationship between increasing silica exposure and lung cancer 
risk, with higher risks observed among specific silica polymorphs (22, 
30, 47–59). Other studies have shown that reducing silica exposure from 
0.1 mg/m3 to 0.05 mg/m3 may reduce associated lifetime risk of silicosis 
and lung cancer (5, 17, 60). Further, exposure-response relationships 
have been observed, with higher cumulative silica exposure associated 
with increased silicosis and potentially, lung cancer risk (61, 62). The 
mining industry and others in which the grinding or crushing of natural 
or engineered stone containing crystalline silica appear to have the 
highest risk among silica-exposed workers with the highest normalized 
RCS generation rate occurring between 3.2 and 5.6 μm (53, 63). There 

are significant databases of exposure information for silica associated 
with various industrial processes, such as the data published by OSHA 
from inspections and their special and national emphasis programs.7

However, other reviews reported the dose–response relationship 
between silica and lung cancer to be (1) unclear, (2) lacking in the 
absence of silicosis, or (3) confounded due to smoking (14, 29, 32–34, 
36, 37). Indeed, in an exploratory study mathematical modeling silica-
induced lung effects, the author noted that RCS exposure appeared to 
have a threshold-like behavior, below which the risk of lung cancer 
was not increased (19).

Meta-analyses and cohort studies have consistently shown positive 
associations, with risk ratios increasing primarily at higher exposure 
levels (55, 64). In one such study, the lifetime excess risk of lung cancer 
was estimated at 0.51% for workers exposed to the previous OSHA 
standard, 0.1 mg/m3 from ages 20–65 (62). Another study found that 
exposure also at the previous OSHA standard of 0.1 mg/m3 was 
associated with a 30% increased risk (60). Some studies reported 
significant dose–response trends even among non-silicotic workers 
(47, 49). However, the carcinogenic role of silica in the absence of 
silicosis remains unclear (21, 36).

3.1.1 Collation of relevant fenceline exposure 
data and exposure limits

Mundt et al. (35) explored quantitative exposure-response results 
for occupational exposure to silica and associations with lung cancer. 
The authors utilized a hybrid systematic review approach including 
critical assessment of study quality based on guidance from US EPA’s 
TSCA and IRIS, and others. In total 20 studies that quantitatively 
addressed lung cancer and silicosis were systematically reviewed and 
the evidence synthesized. The authors concluded that the risk of lung 
disease was most clearly increased at high levels of cumulative 
exposure, with silicosis risk most clearly seen above 3 mg/m3-yrs. The 
authors demonstrated that lung cancer risk may not be increased until 
even greater exposure levels are achieved at which silicosis risk is also 
elevated (35, 65).

Most of the epidemiological research to date has focused on 
occupational populations and risk of silicosis, lung cancer or other 
diseases. However, the potential lung cancer risk related to ambient 
RCS exposure have received less study. Occupational silicosis is well-
documented, and lung cancer risks have been reported in some 
studies such as among underground miners who also were exposed to 
diesel fumes and radon (66). However, the assessments regarding 
ambient silica exposure risks are less well studied and also warrant 
attention (42, 43). For exposure to communities adjacent to sand, 
stone, and gravel operations specifically, the level of exposure lies 
somewhere between modest additions to background levels and the 
low end of occupational exposure ranges (39). Regulatory agencies, 

7 https://www.osha.gov/laws-regs/standardinterpretations/1998-03-27

TABLE 4 Model predicted relative risk estimates for lung disease and associated descriptive statistics.

Outcome Mean n Std Lower CI Upper CI

Silicosis 1.73 49 0.058706 1.71 1.75

Lung cancer 1.17 49 0.002315 1.169 1.171
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state agencies, and primary literature report background ranges of 
silica between 0 and 3  μg/m3 with no silica related lung effects 
apparent [Table 1; (39)].

A challenge in assessing community risk lies in the relatively low 
exposures to RCS and the relatively high background incidence of 
lung cancer. According to SEER (67) lung cancer incidence in the 
general population is approximately 49 per 100,000 men and women 
per year (67), in large part driven by the very high incidence rate 
among active smokers, e.g., 172 per 1,000 current smokers as 
estimated by Villeneuve and Mao (68). Thus, any small increase in 
RCS related exposure risks relevant to risk assessment levels of 
concern for chemical exposures (in the range of 10−4 to 10−6 additional 
risk) would not be  directly detectable in a community study. An 
alternative approach is to use the occupational epidemiology data as 
a surrogate for community risk assessment and use such data to derive 
a linear relationship between exposure and risk. However, the linear 
dose response derived from occupational silicosis cannot be correct 
according to Haber’s rule which states that the severity of a toxic effect 
is directly proportional to the product of the concentration of a toxic 
substance and the duration of exposure to that substance (C x T). 
Therefore silicosis (and possibly lung cancer) would be  identified 
within the general population based on the incidence predicted by 
such equations (Equation 2), if the traditional linear-dose response 
were correct.

Therefore, community-level exposures to silica are unlikely 
driving lung cancer incidence rates and the traditional risk assessment 
approach of the linearization of the occupational dose response data 
(46) likely is inappropriate. From previous reviews, the cumulative 
exposure threshold for excess risk of silicosis in occupational groups 
appears to be roughly 3 mg/m3-yrs (35) and roughly 10 mg/m3 -yrs for 
lung cancer, although one study estimated that lung cancer risks began 
to increase among those exposed above 2.4 mg/m3-yrs (based on an 
open-ended highest exposure category) among never smokers (52). 
Converting the cumulative exposure among never smokers at which 
lung cancer began to increase (2.4 mg/m3-yrs) to air concentrations, 
and assuming a 45-yr working lifetime, this potential threshold is 
equivalent to a workplace air concentration8 of 53 μg/m3. This 
potential threshold estimated from the cumulative increased risk for 
silicosis reported by Mundt et al. (35) of 3 mg/m3-yrs is generally 
consistent with the range of occupational onset effect doses for 
silicosis published by various occupational health agencies (4, 69) and 
reviewed in Patty’s 2024. Specifically, these reviews describe onset 
doses for silicosis as the following:

 • OSHA (4) reported an estimated threshold effect for 
inflammation and carcinogenesis of 36 μg/m3 over a 45-year 
working lifetime. The OSHA action level is 25 μg/m3 and the PEL 
is 50 μg/m3.

 • Patty’s Silica Toxicological Chapter (69) reports that there is 
consensus that reducing the percentage of respirable free silica 
reduces the incidence of silicosis and recommends maintaining 
exposures below the current PEL of 50 μg/m3 for an 8-h TWA 
workday over a 40-h workweek.

8 Workplace air concentration: 2.4 mg/m3 -yrs * 1000 ug/mg *1/45-

yrs = 53.3 ug/m3.

Extrapolating this concentration to a general population 
community level equivalent9 on the basis of duration of exposure 
differences, suggests the onset of silicosis and perhaps cancer risk 
could be expected at concentrations as low as 4 μg/m3. This is close to 
the California Environmental Protection Agency’s general population 
Office of Environmental Health Hazard Assessment Reference 
Exposure Level (OEHHA REL) of 3 μg/m3. Thus, when conducting a 
traditional risk assessment, the data suggest that the onset dose for 
silicosis and possibly lung cancer is close to the range of community 
level exposures (Table 1). This results in an extremely small margin of 
safety (MoS), and it is more likely than not that the onset dose for lung 
effects is much higher than the range derived from the linear 
extrapolation model for community exposures. Therefore, the 
challenge of a traditional risk assessment is that it results in an 
inaccurate or oversimplified conclusion. However, silicosis is 
historically an occupational disease, not observed in the general 
population, and lung cancer risks among the general population 
surrounding sand and gravel facilities are not known to be elevated.

To explore the potential difference between silicosis and lung 
cancer risks at the general population level, a simple linear 
regression for lung cancer risk and cumulative exposure to RCS 
from the empirical data was performed in RStudio. This approach 
reflects a screening assessment given the uncertainty of the data and 
questions about the dose response for cancer. A linear approach is 
often used as a default for cancer assessment when the MOA is not 
sufficiently demonstrated to support a threshold-like response 
model. Simple linear regression initially resulted in an equation of 
the form:

 

 
= + = 

 3  0.069 1.17, 0.017mgLung Cancer Risk X p
m  

(1)

The effect modifier was statistically significant (p = 0.017), 
however, overall, the line showed poor fit (adjusted R2 = 0.28) 
(Equation 1).

Likewise, simple linear regression for silicosis risk and cumulative 
exposure to RCS resulted in a regression equation of the form:

 

 
= + < 

 3 1.75 1.67, 0.001mgSilicosis Risk X p
m  

(2)

The effect modifier was also statistically significant (p < 0.001), 
however the adjusted R2 also showed a poor regression line fit 
(adjusted R2 = 0.1) (Equation 2). Figures 1–3 demonstrate the relative 
relationships between lung disease and silica exposure levels.

Figure 1 illustrates the risk of lung cancer at exposure levels reported 
in the epidemiological literature. Specifically, risk estimates ranged from 
below unity to as high as 3.25 for exposure levels greater than 5.0 mg/
m3-years. Figure 2 illustrates the risk of silicosis at exposure levels also 
reported in the epidemiological literature. Notably, the risk of silicosis 

9 General population equivalent of occupational exposure levels: 53 μg/m3 

* 45 yrs./70 yrs. * 5 days/7 days * 10 m3/20 m3/3 UF. (3 UF: Uncertainty factor 

accounting for general population vs. worker susceptibility).
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was about one order of magnitude higher than the risk of lung cancer 
risk at every level of exposure (mg/m3-yrs). Further, Figure 1 illustrates 
that lung cancer risk does not become significantly greater than unity 
until exposure levels at which silicosis risk is also significantly elevated, 
i.e., 5 mg/m3-yrs (Figures 1, 2). Additionally, when combining both lung 
cancer and silicosis risk, it becomes clear that exposure levels reported 
in the epidemiological literature are more highly associated with silicosis 
rather than lung cancer and it appears that our regression analysis 
demonstrates a different, and significantly higher onset dose for lung 
cancer than that of silicosis (Figure 3).

Ambient silica levels reported in Richards and Brozell (39) 
(Table 1; (39), Table 3.8) were averaged and resulted in an average 
urban RCS concentration of 0.000421 mg/m3. This exposure level was 
then converted to an exposure range in mg/m3-years accounting for 
the average working year and working conditions: assuming 270 
working days of exposure for every 365 days, 10  m3 volumetric 
exposure for every 20 m3 and 30 years working history equivalent, and 

assuming 365 days of exposure over 70 years, which resulted in the 
following equation:

 
× =3 370 0.000421 0.0295

mg x yrsmgyrs
m m  

(3)

Therefore, the community air concentration calculated as an 
equivalent workplace cumulative dose = 0.0295 mg/m3-yrs 
(Equation 3). This value can be used in the regression equations that 
were based on occupational epidemiology to determine the 
estimated increase in risk for an equivalent exposure concentration 
as occurs in the community.

The regression equations on the ambient silica levels reported in 
Richards and Brozell (39), resulted in a risk estimate of 1.73 (95% CI: 
1.71, 1.75) for silicosis and a risk estimate of 1.17 (95% CI: 1.169, 
1.171) for lung cancer. However, TCEQ notes that there “is no federal 
regulation or EPA standard for ambient crystalline silica 

FIGURE 1

Risk of lung cancer and silica exposure levels from occupational epidemiology.

FIGURE 2

Risk of silicosis and silica exposure levels from occupational epidemiology.
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concentrations, and there is no EPA requirement for [states] to 
monitor for [ambient] crystalline silica” suggesting that there does not 
appear to be an urgent need to establish a sampling requirement, since 
silica is a known and prevalent material.

3.2 Mode of action (MOA) analysis

Lung cancer risk may not be associated with exposure levels below 
those at which silicosis risk is elevated (35). Furthermore (19) 
demonstrated the mode of action for silica induced lung effects 
appears to be threshold-like. For that reason, there likely is a level of 
exposure at which no adverse lung effects would be expected to be 
observed. To illustrate the uncertainty between community level 
exposures and lung disease RCS, at low doses of RCS, it becomes 
imperative to understand the similarities and differences in the MOA 
for silicosis and lung cancer. Silicosis itself is not observed in the 
general population. Based on the analysis of the epidemiology, it is a 
more sensitive effect and can serve as a protective biomarker surrogate 
for assessing lung cancer risk. This approach is needed as silicosis is a 
specific disease associated with RCS exposure, while lung cancer is not.

Chronic silicosis has also been associated with a higher risk of 
lung cancer in animal models (17). The carcinogenic potential of silica 
is supported by both animal studies and epidemiological evidence (1, 
2, 17, 70). The mechanisms of silica induced silicosis involve direct 
cytotoxicity, oxidative stress, inflammation, and fibrosis (15, 16). 
Specifically, silica particles generate reactive oxygen species, leading 
to cell damage and activation of inflammatory pathways (84). While 
some studies suggest a direct link between silica exposure and lung 
cancer, others propose that silicosis is a necessary intermediate step 
(14). Adverse outcome pathways (AOP) detailing the potential MOA 
for both silicosis and lung cancer have been developed and are 
summarized in Figures 4, 5 (2, 71). The foundational mechanism 
causing the onset of inflammation is still an area of active research 
although recent progress with additional hypothesis has been made 
(69). Briefly, RCS is believed to have direct cytotoxicity based on what 
is known about its silonal surface chemistry (10, 72, 73). The resultant 
stimulation of alveolar macrophages causes recurrent lung damage 

and result in inflammatory markers which activate polymorphonuclear 
leukocytes causing further lung damage (71, 73). The stimulation of 
alveolar macrophages induces fibroblast proliferation and stimulate 
collagen synthesis which causes pulmonary fibrosis and silicosis 
(71, 73).

Several meta-analyses have found an elevated risk of lung cancer 
among silicosis patients, even after adjusting for smoking (22, 52). 
Smoking significantly increases lung cancer risk in silica-exposed 
workers, with a possible multiplicative interaction (29, 52, 61). 
However, the relationship between silica exposure, silicosis, and lung 
cancer remains complex, with potential confounding factors and 
methodological challenges in epidemiological studies (23, 70). 
Therefore, it would appear that the MOA is a parallel process for 
silicosis and lung cancer with both oxidative stress and inflammation 
appearing to be key events. The epidemiological evidence described 
above also demonstrates that silicosis is the more sensitive adverse 
effect with a lower threshold and higher prevalence at specific 
quantified occupational exposure levels of RCS (73). Therefore, 
preventing silicosis would appear to also prevent lung cancer at all 
relevant levels of exposure. A proposed AOP for lung cancer is 
described below. These MOA hypotheses support a threshold-like 
dose–response approach, although a non-threshold linear low-dose 
response is hypothetically possible. A threshold-like approach appears 
to have been used for existing community airborne limits. However, 
our cancer screening approach above (section 3.1.1) did incorporate 
a linear dose–response methodology.

As outlined in Table  3, several state agencies have developed 
community health-based exposure limits (although the majority do not 
specifically denote that they account for cancer effects Table 3). The 
Minnesota DPH derived a particularly transparent chronic health-based 
value (HBVchronic), similar to the current analysis, of 3 μg/m3 and a point 
of departure (POD) of 0.0098 mg/m3 (Minnesota DPH, Table 3).

3.3 In vivo dose–response evidence

Dose–response and benchmark dose modeling via in vivo studies 
of RCS and associated lung cancer were limited. Similarly, agency 

FIGURE 3

Combined lung disease risk estimates and silica exposure levels reported in the epidemiological literature.
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FIGURE 5

Adverse outcome pathway and mode of action for lung cancer (71).

reviews (1, 2, 21) report only single-dose inhalation studies which 
precluded estimating an adequate dose-response. These studies are 
summarized in Table 5. Briefly, results were mixed for rats with several 
studies showing statistically significant induction of tumors following 
various doses of RCS (24–27). However, one study in rats and one study 
in hamsters did not show statistically significant tumors in rodents 
exposed to RCS (28). A single genotoxicity in vivo study was positive for 
hprt-locus gene mutation in alveolar type II epithelial cells (74). 
Additionally, a separate review by OEHHA (75) identified six rodent 
studies previously analyzed by EPA (91) that derived lowest observed 
adverse effect levels (LOAELs) for silica effects ranging from 0.2 mg/m3 
to 4.9 mg/m3 (75).

As shown in Figure 6 the data do not provide clear evidence of a 
quantitative dose–response relationship for lung cancer. Using the 

inhaled silica exposed rodent studies reported by IARC (2), crude odds 
ratios for lung cancer were calculated and ranged from 1.21 to 93.72 
(Figure 6) but cannot be used with reasonable confidence given the 
imprecision indicated by the wide spread of the data and crude 
(i.e., unadjusted) ORs.

One benchmark dose study on human A549 lung cells derived a 
BMDL for 24-h treatment of C-SiO2 MPs and -NPs to be 2.26 and 
0.97 μg/mL and 1.17 and 0.85 μg/mL for 72-h treatment, respectively 
(11). The authors concluded that particle size remained a contributing 
factor when assessing human health occupational risks as other 
studies had shown that altering particle size may impact toxicity (11). 
However, translation of these to a relevant equivalent air-concentration 
cannot be done with confidence due to limitations of in vitro to in vivo 
dose extrapolations for respiratory effects (76).

FIGURE 4

Adverse outcome pathway and mode of action for silicosis (71).
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3.4 Risk characterization and hazard 
quotient

Richards and Brozell (39) reported average ambient RCS 
measurements from a variety of urban settings. The author compared 
the ambient RCS concentrations to the OEHHA REL of 3 μg/m3 and 
observed that all measurements were significantly below this 
regulatory exposure limit. Complete results can be  found in 
Table 3.8, however the average across all sites was 0.000421 mg/m3. 
The resultant HQ (0.421/3 μg/m3) is 0.14. This is 7 times below the 
current general population equivalent of occupational exposure 
levels (as demonstrated in section 3.1.1). However, when compared 
to the lowest community health-based exposure limits (0.27 μg/m3) 
an even smaller margin of safety (HQ of 1.56 which exceeds the 
target of unity) is achieved. This analysis alone would indicate that 
ambient exposure levels surrounding sand, stone and gravel facilities 
are likely within an adequate margin of safety for the general 
population in most cases, but the upper exposure range and the 
lower range of exposure limits suggest additional assessment is 
needed. However, Puledda et al., measured urban RCS and found 

PM4 RCS concentrations ranged from 0.6–1.5 μg/m3, and Davis 
et al., measured urban RCS and found concentrations ranged from 
0.9–1.9 μg/m3. These measured ambient exposures are below some 
but not all regulatory limits (Tables 1, 3). Thus, using the HQ 
approach and current community limits as the basis for risk 
assessment indicates that additional analysis is needed because some 
of the HQ calculation scenarios exceeded unity and suggest small 
margin of safety (MOS). Thus, similar to the analyses using 
traditional linear methods, this risk characterization result does not 
align with the absence of observed silicosis or lung diseases from 
general ambient exposures.

3.5 Summary of key results

 1. The most robust epidemiological studies tend not to show an 
increased risk of lung cancer at exposure levels below those at 
which silicosis risk is clearly increased.

 2. Because the default linear approach to the cancer data is 
precautionary, applying this approach may inappropriately 

TABLE 5 Animal data [adapted from (2)].

Species, strain (sex) Exposure duration Dosing regimen Respiratory tumor 
incidence

References

Mouse, BALB/C BYJ (F) 150, 300, or 570 d 0, 1.5, 1.8 or 2.0 mg/m3 8 h/d, 

5 d/wk

7/59 (control), 9/60 (all exposed) (28)

Rat, F344 (M, F) 24 months 0,52 mg/m3 6 h/d, 5d/wk M-0/42 (control), 1/47\

u00B0F-0/47 (control), 10/53

(24)

Rat, F344 (F) Lifespan 0,12 mg/m3 6 h/d, 5d/wk. for 

83 wk

0/54 (control), 18/60 Holland et al. (89, 90)

(25)

Rat, SPF F344 (M, F) 30 mo 0,1 mg/m3

6 h/d, 5 d/wk. for 24 mo

3/100 (control M, F), 7/50 (M), 

12/50 (F)

(69)

Muhle et al. (87, 88)

Rat, Wistar (F) up to 35 mo 0,6.1, 30.6 mg/m3

6 h/d, 5 d/wk. for 29 d

0/85 (control), 37/82 (low dose), 

43/82 (high dose)

(27)

FIGURE 6

Linear model and Odds ratios for lung cancer (2).
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raise concern for increased risk of lung cancer from community 
or fence line – or even ambient RCS exposures.

 3. Using threshold dose–response approaches and by adjusting 
occupational limits for non-cancer effects also gives the 
misleading impression of a potential lung cancer risk for 
community exposures.

 4. The health surveillance data (i.e., the “real world” observations) 
do not align with or substantiate these potential community level 
exposure risk characterization results, suggesting that classic 
default methodologies using occupational potency data are 
inadequate for deriving valid estimates of community risks of 
silicosis and lung cancer due to ambient concentrations of RCS.

 5. Further refinement of quantitative risk assessment methods 
based on MOA principles is needed to develop risk assessment 
approaches that generate accurate risk estimates for silicosis and 
lung cancer for community RCS exposures with 
greater confidence.

4 Discussion

Our analysis illustrated that extrapolating community level 
risk from the occupational data suggests that community 
exposures exceed the carcinogenic threshold. However, from 
observational data we do not see an increased risk of RCS-induced 
lung cancer or silicosis in the general population (35). From our 
analysis it appears that to adequately assess risk of silicosis and 
lung cancer, if any, due to community level exposure to RCS, 
we first need to address why there are no observable increases of 
these diseases associated with even low to moderate occupational 
exposures (i.e., up to current occupational exposure limits). 
Primarily community exposures do not exceed the threshold 
necessary for carcinogenesis to observe elevated levels of lung 
cancer. Further, silica itself may not cause lung cancer except at 
exposures exceeding 3 mg/m3-years. The evidence indicates that 
silicosis can serve as a sensitive marker for RCS induced lung 
effects, and preventing silicosis would theoretically eliminate 
lung cancer risk. Therefore, silicosis may be treated as a specific 
marker for risk when analyzing exposures to silica and assessing 
the possibility of lung cancer risk. From epidemiological reviews, 
overall lung cancer in the general population (i.e., 
non-occupational population) is either zero or too small to detect 
to come to any conclusion on the causal role of background level 
exposures of silica. Therefore, we may assume, if silicosis is not 
observed in the general population, then there would not be a 
later related onset of lung cancer. Further, background or ambient 
levels of silicosis can be analyzed and measured with a reasonable 
degree of certainty in the general population.

Our analysis is not without limitations. Primarily we  did not 
conduct a site-specific risk assessment but relied on exposure 
measurements from a wide range of extraction facilities as reported in 
Richards and Brozell (39) and the observational epidemiology from 
Mundt et  al. (35) to present a general non-site specific risk 
characterization compared to observations in the general population. 
Site specific risk assessments would benefit from specific statistical 
analyses that were outside the scope of this work, including GIS-based 
dispersion modeling, Monte Carlo simulation to address variability, 
comparison to U.S. national/regional cancer registries for baseline risk, 
and accounting for lung cancer latency through lagging algorithms.

Reviews of the body of evidence demonstrating that RCS causes 
silicosis, and possibly lung cancer, vary widely according to exposure 
circumstances (13, 44, 65, 72, 77, 78). These reports support targeting 
regulatory activities to industries and processes with the highest 
likelihood of occupational exposure to RCS—where silicosis (and 
possibly lung cancer) can be  prevented—rather than the general 
background community, where ambient exposures, including those in 
the vicinity of sand and gravel extraction facilities, remain well below 
any exposure threshold for risk of these diseases. Thus, current risk 
assessments for communities rely on occupationally derived dose–
response data. Such data may not be representative of the effects of 
RCS from community exposure. Specifically, no studies were identified 
which investigated occupational versus community related factors 
such as differences in dosimetry/deposition, intensity, and potency of 
fractured silica particles and the role they play in contributing to the 
likelihood of lung diseases (including cancer). This illustrates a need 
for further investigation of such factors to better understand 
population level risk from ambient RCS levels.

4.1 Three factors that influence the 
disease-causing potential of RCS

4.1.1 Inhalation dosimetry/deposition
As demonstrated in quantitative ambient RCS measurements (39) 

workers may have a higher dose of RCS normalized to exposure 
concentration, in general, and per exposure event based on particle size 
characteristics and crystalline silica content of different particles. This 
leads to a higher overall exposure concentration of RCS coupled with a 
higher breathing rate and depth, positional factors, and particle 
distribution differences within occupational settings. Furthermore, 
studies have shown that altering particle size can impact particle toxicity 
(11, 79, 80). As stated previously, occupational, and ambient RCS 
exposure can contribute to respiratory diseases. However, particle size, 
itself has been shown to be a crucial factor in disease outcomes (40).

One tool to account for particle size and distribution is inhalation 
dosimetry. From first principles, workers are exposed to smaller, 
freshly fractured particles (higher respirable content) and breathing 
rates are higher, due to strenuous labor activities. In theory, any 
delivered RCS dose would be higher for workers versus the general 
population. There are a variety of modeling tools to provide adequate 
comparisons between the occupationally exposed and those in the 
general population in terms of deposited RCS dose. Such methods can 
be used to adjust occupational point of departure doses to general 
population equivalent doses for improved risk estimation.

4.1.2 Exposure intensity (likelihood for and 
impact of periods of intense exposure)

Due to differences in intensity, the same cumulative exposure may 
cause different risks increases in occupational and general population 
settings. It is well known from occupational scenarios that dose rate 
(intensity) impacts silicosis risk and progression. However, data are 
lacking on precise estimates of dose-rate versus risk estimates. Further, 
the complications of irregular exposure periodicity on risk are not 
quantitatively understood. However, what is currently hypothesized is 
that peaks in exposure in addition to overall cumulative dose could 
cause different outcomes versus exposures at only low doses at a steady 
dose rate. Workers in occupational settings can experience peaks in 
exposure whereas exposure changes experienced by the general 
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population are smoother or relatively constant. Thus, use of 
occupational data might overestimate potency compared to community 
exposures due to the impact of peak exposure periods. This hypothesis 
needs additional examination for adjusting community risk assessment 
findings, but as outlined in Table 6 the lifetime risk of silicosis varies 
under different exposure frequencies with extreme exposure conditions 
exhibiting the greatest percent increase in silicosis risk (25% vs. 47% 
lifetime risk increase) (4).

4.1.3 Relative potency (presence of free radical 
persistence)

The cancer potency of silica has been evaluated using both animal 
and human data, with human epidemiological studies providing more 
reliable potency-corrected risk assessments (81). Different silica types 
exhibit varying potencies in stimulating arachidonic acid metabolism 
and cytotoxicity in alveolar macrophages (82). Current experimental 
evidence indicates that crystalline silica varies in toxicity according to the 
specific polymorphic form (44).

Further, additional studies have shown varying RCS potency 
under different experimental conditions (10, 77, 78). Bellomo et al. 
(10) investigated the membranolytic activity of quartz in different 
molecular environments and found that the type and reactivity of 
radical sites on quartz were influenced by the outer molecular 
environment (10). Vallyathan et  al. (77, 78) demonstrated that 
freshly fractured quartz had increased surface activity and caused 
greater inflammatory markers than aged quartz (77, 78). In rat 
macrophages, freshly fractured quartz was found to be over four 
times more potent than silica aged 1–2 days (77). Similarly 
Vallyathan et al. (78) found that markers of lung injury, lipid 
peroxidation, and increased oxygen radicals were statistically 
significantly more pronounced in Fischer 344 rats exposed to freshly 
fractured quartz than those exposed to aged quartz (78). However, 
the long-term carcinogenic effect of such quartz in humans is less 
studied. This demonstrates that the biological activity of milled 
quartz may be dependent on particle size and environmental factors. 
Other studies have demonstrated that it is possible to measure 
biological activity in vitro of various aerosols including quartz using 
macrophage assay’s such as NR8383, providing a template to assess 
the potency of freshly fractured versus weathered silica (13).

Additional research can address the hypothesis that the types of 
emissions adjacent from to sand, stone and gravel facilities may have 
a different potency than the traditional occupational epidemiology 
experience. Therefore, extrapolating from the occupational 
epidemiology data is not scientifically rigorous as it is clear from the 
observational epidemiology that community versus occupational 
groups have different risk profiles (35). Potency also may vary between 
different occupational sources. These different sources may also 
include industries not included in this analyses such as construction 
sites, farming, and carpentry.

4.2 Future dose response options

Future dose response options can address the modifying factors 
identified through our current analysis. Some approaches to building 
a biologically based dose–response model include (1) categorical 
regression on identified key biological events (2) network 
mathematical modeling for lung cancer thresholds and (3) a modified 
HQ approach advancements in Bayesian mathematical models and 
categorical regression to identify key biological events for lung effects 
(19, 86) utilize empirical data to build biologically based dose–
response models and identify lung cancer thresholds. One such study 
indicated that mathematical modeling of inflammation mediated lung 
diseases showed an exposure-response threshold below which, lung 
disease risk was not increased (19). Empirical data including ambient 
silica measurements, MIE identification, and differences between 
occupational and ambient levels of RCS exposure should continue to 
be explored to further develop these methods.

In the absence of such data, our current analysis supports a 
modified HQ or MOS modifier approach. Assuming the upper end of 
exposure distribution for the general population is 0.05 mg/m3 and the 
duration adjusted POD for silicosis is 0.0098 mg/m3 (Minnesota DPH, 
Table 3), then the resultant simple HQ is 5 for silicosis. However, when 
accounting for the three modifying factors proposed above [Dosimetry 
(D), Intensity (I), and Potency (P)] the actual community health-based 
HQ would be 0.05/ [0.0098 *(D*I*P)]. The inclusion of these factors, 
that all suggest community exposures would generate reduced risk 
versus occupational exposures. Future analyses will seek to quantify the 
3 proposed modifying factors. Theoretically, this would result in a 
significantly reduced HQ which more accurately reflects the actual lack 
of observable silicosis and silica induced lung cancer in the 
general population.
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TABLE 6 Lifetime risk increase of silicosis and frequency of exposure.

Lifetime risk of Silicosis based on Intensity and frequency of exposure (4)

Exposure level Years exposed Lifetime % risk increase

0.1 mg/m3 30 yrs 25%

0.09 mg/m3 45 yrs 47%

1–5 mg/m3 Per year 32%
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