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Introduction
Crystalline silica is a mineral that occurs naturally in the 
earth’s crust and can assume a number of forms, with 
α-quartz being the most abundant [1]. Most exposure to 
this mineral takes place in a work environment. Occu-
pations related with mining, iron foundries, construc-
tion, cement, glass, ceramic, quartz conglomerate, and 
all those involving earthmoving are jobs in which work-
ers may be exposed to respirable crystalline silica (RCS) 
[1, 2]. It is estimated that several million workers are 
exposed to RCS in Europe [3] and that around 2 million 
construction workers could be exposed in the USA [4].
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Abstract
Background Respirable crystalline silica (RCS) is associated with the development of lung cancer. However, there is 
uncertainty around the exposure threshold at which exposure to RCS may pose a clear risk for the development of 
lung cancer. The objective of this study was to review the cut-off points at which the risk of mortality or incidence of 
lung cancer due to occupational exposure to RCS becomes evident through a systematic review.

Methods We conducted a search in PubMed, including cohort and case-control studies which assessed various 
categories of RCS exposure. A search was also conducted on the webpages of institutional organizations. A qualitative 
data synthesis was performed.

Results Twenty studies were included. Studies that assessed lung cancer mortality and incidence displayed wide 
variability both in RCS exposure categories and related risks. Although most studies found no significant association 
for RCS exposure categories, it appears to be a low risk of lung cancer for mean concentrations of less than 
0.07mg/m3. Regulatory agencies set annual RCS exposure limits ranging from 0.025mg/m3 through 0.1mg/m3.

Conclusions There is a wide degree of heterogeneity in RCS exposure categories, with most studies observing no 
significant risk of lung cancer for the lowest exposure categories. Cut-off points differ between agencies but are 
nonetheless very similar and do not exceed 0.1mg/m3.
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In 1997, the International Agency for Research on 
Cancer (IARC) classified RCS found in the work envi-
ronment in the form of quartz or cristobalite as a Group 
1 human carcinogen [5], and confirmed this classifica-
tion in its subsequent monograph published in 2012 
[1]. Despite there being epidemiologic evidence of a 
relationship between RCS exposure and lung cancer, 
there are aspects related with the carcinogenicity of 
RCS which are not clear and hinder the establishment 
of protective measures, even at a legislative level. One 
of the existing uncertainties surrounds the cut-off point 
that should be set to reduce the risk of lung cancer. In 
relation with this aspect, stress should also be laid on 
the difficulty of measuring exposure, because, while 
RCS can be measured in a specific workplace, work-
ers do not always remain in the same place throughout 
the workday. Hence, attribution of exposure to a given 
worker according to the concentration found in a given 
place may under- or overestimate that particular work-
er’s real exposure. An additional complication is the 
frequent concurrence of lung cancer risk factors, such 
as smoking, which render it even more complicated to 
distinguish the specific risk associated with a concrete 
exposure to RCS.

While a number of systematic reviews have previously 
been conducted on RCS exposure and risk of lung can-
cer [6, 7], none has sought to assess from which exposure 
cut-off point risk of lung cancer increased significantly. 
Accordingly, the aim of this study was to review cut-off 
points above which there was a significant risk of lung 
cancer due to RCS exposure, or cut-off points below 
which risk of lung cancer might be very low. In addition, 
the cut-off points set by various international agencies 
were also reviewed.

Materials and methods
Studies with estimates of Lung cancer risk due to RCS 
exposure
We performed a systematic review adapted to the 
PRISMA 2020 (Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses) guidelines [8].

Literature search
A literature search was made in the PubMed database 
until April 2023, using the following search strategy: 
“(silica[Title/Abstract] OR crystalline silica[Title/
Abstract] OR respirable crystalline silica[Title/
Abstract]) AND (lung neoplasms[MeSH Terms] OR 
lung cancer[Title/Abstract] OR lung tumo*[Title/
Abstract])”. We likewise reviewed papers included 
in the IARC 2012 monograph [1], references cited by 
papers included, and other systematic reviews on the 
topic.

Inclusion and exclusion criteria
We included published studies that complied with the 
following PECOS (Population, Exposure, Comparator, 
Outcome and Study design) criteria: (a) studies that were 
conducted on the adult population (≥ 18 years); (b) who 
might be exposed to RCS in the workplace; (c) versus 
those who were not exposed or were exposed to the low-
est RCS exposure category; (d) that might have estimated 
risk of lung cancer mortality or incidence (whether as 
odds ratios (ORs), relative risks (RRs) or hazard ratios 
(HRs), accompanied by their 95% confidence intervals 
(95%CIs)) according to different levels of occupational 
exposure to RCS. Exposure levels had to be expressed 
as numerical categories (mg/m3 or µg/m3) or otherwise 
indicate to which cut-off points they referred; and lastly, 
(e) that had a cohort or case-control design.

We only included papers published from 2005 onwards, 
since a large proportion of the studies published earlier 
used population data dating from previous decades when 
exposure to RCS was much higher [9].

We excluded papers that evaluated combined expo-
sures, that assessed exposure in specific populations 
(i.e., never-smokers), that included fewer than 10 cases 
of lung cancer, that did not furnish data with a break-
down by different RCS exposure levels, that worked with 
hypothetical RCS exposure scenarios, and that were in 
languages other than English, Spanish, Italian, French or 
Portuguese. Similarly, narrative reviews, editorials, com-
munications to conferences, and op-ed articles were also 
excluded.

Selection of studies and data-extraction
We reviewed the titles and abstracts of papers identified 
by the literature search, and read the full text of those 
that were potentially relevant, in order to ascertain their 
compliance with the inclusion/exclusion criteria. Studies 
were selected by two researchers working separately, with 
any doubts being settled by mutual agreement.

A data-extraction sheet was purpose-designed to 
include basic information about each study (author, year 
of publication, country, design, sample size, length of 
follow-up, type of industry), population characteristics 
(sex and age), RCS exposure levels, and results (RRs, ORs 
or HRs, and their 95%CIs). Data were extracted by two 
researchers working separately, with any discrepancies 
being settled by mutual agreement.

In cases where studies made a series of adjustments, 
the risks adjusted for most confounding variables were 
extracted. When the effect measure was not global but 
was shown with a breakdown by sociodemographic 
variables, this measure was extracted. Where a study 
reported results showing cumulative RCS exposure and 
mean RCS concentrations, both were extracted. Where 
studies reported results without a lag or with a lag 
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between cause and exposure, the result without a lag was 
extracted. When different papers extracted data from 
the same study/cohort, the most recent paper was cho-
sen; however, in cases where they reported different RCS 
exposure measures, both studies were maintained.

Analysis of results
Due to the wide variability in exposure categories 
between studies, we performed a qualitative synthesis of 
the studies included.

RCS exposure limits set by International agencies
We conducted a Google search of the websites for lim-
its set by different international agencies concerned 
with occupational health. The limits set in the following 
countries were reviewed: USA, Canada, Japan, Australia, 
Germany, United Kingdom, The Netherlands, Belgium, 
Denmark, Finland and Spain.

Fig. 1 Flowchart of papers included
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Results
Studies with estimates of Lung cancer risk due to RCS 
exposure
A total of 530 PubMed entries were obtained. After 
examination of the titles and abstracts, 58 studies were 
judged eligible for a full-text review; and of these, 19 were 
included. During the review of studies to be included, 
two systematic reviews relating to the study topic were 
located [6, 7]. The papers covered by both of these 
reviews were examined, and one study was included. A 
total of 20 studies were ultimately included. Figure  1 
shows the flowchart of the studies included.

Characteristics of the studies included and of the study 
population
Of the 20 studies included, most were cohort studies 
(n = 14) [10–23] and the rest were case-control studies [9, 

24–27], one of which was nested in a cohort study [28]. 
The studies were carried out in the USA (n = 7), China 
(n = 2), Europe (n = 10), and one was undertaken in both 
Europe and Canada. In the cohort studies, the longest 
follow-up period was 71 years [23] and the shortest, 25 
years [12].

The total sample size of the studies was 252,994 sub-
jects. In 10 studies, the participants were men, and the 
remaining studies included both men and women. In one 
of the 10 studies that included both sexes, the percentage 
of women was higher than that of men [11]. A minimum 
time of RCS exposure was established in 14 studies, i.e., 
one year in 10 studies, 3 years in two studies [9, 14], and 
6 months in a further two studies [11, 17]. Most studies 
focused on one type of industry, with mining being the 
most frequent (Tables 1 and 2).

Table 1 Description of the main characteristics of the studies included that assess risk of lung cancer mortality related with exposure 
to respirable crystalline silica
Author Study 

area
Design Sample 

size
Follow-up time/data-collection Population 

characteristics
Minimum 
time of 
exposure

Type of 
industry

Brown et al. 2005 United 
Kingdom

Cohort 2703 1950–2001 M: 2365 (87.5%) 1 year Sand

Mean age of death: 
64.6 years

McDonald et al. 
2005

USA Case-control Cases: 105 1995–2000 M: 293 (100%) 3 years Sand

Controls: 
188

Vacek et al. 2010 USA Case-control Cases: 356 1947–2004 M: 1297 (100%) Not 
specified

Granite

Controls: 
941

Mundt et al. 2011 Germany Cohort 17,573 1938–2005 M: 8183 (47.0%) 6 months Porcelain

Olsen et al. 2012 USA Cohort 2650 1945–2004 M: 2474 (93.4%) 1 year Mining

Sogl et al. 2012 Germany Cohort 58,677 1946–2003 M: 58,677 (100%) 6 months Uranium

Cherry et al. 2013 United 
Kingdom

Cohort 4801 1985–2008 M: 4801 (100%) 1 year Ceramic

Graber et al. 2014 USA Cohort 8829 1969–2007 M: 8829 (100%) Not 
specified

Mining

Mean age of regis-
tration: 45 years

Gallagher et al. 
2015

USA Cohort 2343 1942–2011 M: 2343 (100%) 1 year Diatoms

Allen et al. 2015 USA Nested 
case-control

Cases: 
1706

1960–2010 M: 4820 (94.8%) Not 
specified

Taconite 
mining

Controls: 
3381

Lai et al. 2018 China Cohort 7665 1960–2012 M: 6542 (85.4%) 1 year Iron 
miningMean age of enter-

ing the cohort: 24.8 
years

Wang et al. 2020 China Cohort 44,708 1960–2003 M:38,221 (85.5%) 1 year Ceramic 
and metal 
mining

Mean age of enter-
ing the cohort: 26.9 
years

Kleischmidt et al. 
2022

USA Cohort 2650 1945–2015 M: 2473 (93.3%) 1 year Mining

Abbreviations: M: men, USA: United States of America
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A total of 13 studies assessed risk of lung cancer mor-
tality associated with occupational exposure to RCS [9–
11, 16–24, 28], and 7 assessed the risk of developing lung 
cancer [12–15, 25–27]. Most of the studies assessed RCS 
exposure as cumulative exposure levels in years (n = 14), 
one assessed it in hours [26], three assessed it as mean 
concentrations [9, 16, 18], and two assessed it as both 
cumulative exposure in years and mean concentrations 
[11, 27]. Tables 1 and 2 show the main characteristics of 
the studies included.

Association between exposure and risk of Lung cancer 
mortality
In most of the studies, the effect measures calculated 
were not significant. Five studies obtained significant 
measurements for some exposure category. In Sogl et 
al’s study [17], the risk of lung cancer mortality in men 
began being significant above a cumulative exposure > 10 
mg/m3-years (RR > 1.47). The study by Gallagher et al. 
[20] observed a significant HR from 2.6mg/m3-years 
(HR > 1,89) upwards. In Kleinschmidt et al’s study [23], 
an exposure of 0.224-<0.456 mg/m3-years yielded a sig-
nificant HR (1.85 95%CI 1.09–3.14). The studies by Lai 
et al. [21] and Wang et al. [22] obtained significant HRs 
for all categories of exposure. Studies that assessed the 
risk of lung cancer mortality associated with a mean RCS 
concentration, reported no significant exposure level 
(Table 3).

Association between exposure and risk of developing lung 
cancer
In most studies, the effect measures estimated were 
not significant for a series of exposure categories. Nev-
ertheless, Ge et al’s study [25] reported significance 
for all categories: hence, the lowest OR was found for 
> 0-0.39 mg/m3-years (OR: 1.15 95%CI 1.04–1.27) and 
the highest OR for ≥ 2.4 mg/m3-years (OR: 1.45 95%CI 
1.31–1.60). Other studies reported a significant asso-
ciation for a cumulative exposure ≥ 10mg/m3-years (RR: 
1.2 95%CI 1.05–1.38) [12], for 2-5mg/m3-years (RR: 
2.09 95%CI 1.08–4.06) [13], and for a cumulative expo-
sure > 35mg/m3-hours (RR > 1.47) [26], in this last case 
with a lag of 20 years between exposure and development 
of lung cancer (Table 4).

RSC exposure limits set by international agencies
Exposure level limits were identified in 11 countries, and 
in some cases, for a number of agencies [4, 29–43]. Five 
countries set the RCS exposure limit at 0.05mg/m3 for 
an 8-hour workday (8 h). Whereas some countries, such 
as the United Kingdom [43] and Belgium, set higher lev-
els that rose to 0.1mg/m3 over 8 h [30], others set lower 
levels, e.g., Japan with 0.3mg/m3 [42]. In 2022, Spain’s 
National Occupational Safety and Health Institute (Insti-
tuto Nacional de Seguridad and Salud en el Trabajo/
INSST) indicated that the daily RCS exposure limit in 
the work environment should be 0.05mg/m3 [35]. In the 
USA, there were even differences between several of its 
own agencies: thus, while the Occupational Safety and 

Table 2 Description of the main characteristics of the studies included that assess lung cancer risk related with exposure to respirable 
crystalline silica
Author Study area Design Sample size Follow-up time/data-collection Population 

characteristics
Minimum 
time of 
exposure

Type of 
indus-
try

Pukkala et al. 
2005

Finland Cohort 33,664 1971–1995 M: 30,137 (89.5%) Not 
specified

As-
sortedAge range: 20–65 

years

Cassidy et al. 
2007

Europe Case-control Cases: 2852 1998–2002 M: 5956 (75.4%) 1 year As-
sortedControls: 

3104
Age range: 20–74 
years

Bergdahl et al. 
2010

Sweden Cohort 8320 1958–2000 M: 8320 (100%) 1 year Iron

Preller et al. 
2010

The 
Netherlands

Case-control Cases: 1667 1986–1997 M: 3701 (100%) Not 
specified

As-
sortedControls: 

2034
Age range: 55–69 
years

Bugge et al. 
2012

Norway Cohort 1166 1953–2008 M: 1166 (100%) 3 years Car-
bides

Westberg et al. 
2013

Sweden Cohort 3045 1958–2004 M: 3045 (100%) 1 year Foundry

Ge et al. 2020 Europe and 
Canada

Case-control Cases: 
16,901

Not specified M: 30,056 (79.4%) Not 
specified

As-
sorted

Controls: 
20,965

Age range: 45–80 
years

Abbreviations: M: men, USA: United States of America
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No. deaths Risk 95%CI Adjustment
Cohort studies

Brown et al. (2005)
 Cumulative exposure (mg/m3) years RR

  <0.13 20 1 Age, period from first 
employment, employ-
ment status, year of 
starting employment, 
quarry

  0.13–<0.40 21 1.14 0.60–2.18

  0.40-<1.00 22 1.12 0.58–2.18

  ≥ 1.00 19 0.92 0.44–1.92

Mundt et al. (2011)
 Mean annual concentration (mg/m3) HR

  Men Age, smoking, length of 
employment  ≤ 0.05 25 1

  > 0.05–0.1 20 2.1 1.1-4.0

  > 0.1–0.15 6 1.3 0.5–3.3

  > 0.15–0.2 12 2.4 1.1–5.2

  > 0.2 11 1.5 0.7–3.3

  Women

  ≤ 0.05 10 1

  > 0.05–0.1 3 0.5 0.1–1.9

  > 0.1–0.15 5 1.8 0.5–6.3

  > 0.15–0.2 2 1.1 0.2-6.0

  > 0.2 0

Mundt et al. (2011)
 Cumulative exposure (mg/m3) years HR

  Men Age, smoking

  ≤ 0.5 19 1

  > 0.5–1.0 5 0.3 0.1–0.9

  > 1.0–1.5 5 0.4 0.1–1.1

  > 1.5–3.0 16 0.6 0.3–1.2

  > 3.0 29 0.5 0.3-1.0

  Women

  ≤ 0.5 1 1

  > 0.5–1.0 7 7.8 1.0-63.2

  > 1.0–1.5 3 4.2 0.4–40.4

  > 1.5–3.0 3 2.2 0.2–21.8

  > 3.0 6 3.2 0.4–27.6

Olsen et al. (2011)
 Mean exposure (mg/m3) RR

  0–<0.015  - 1 Age, race, period since 
first gainful employ-
ment, and mining plant

  0.015–<0.033  - 1.77 0.96–3.29

  0.033  - 1.11 0.54–2.29

  < 0.061  - 1.28 0.58–2.82

  ≥ 0.061  - 0.8

Sogl et al. (2012)
 Cumulative exposure (mg/m3) years RR

  0–0.5 137 1 Radon and arsenic

  0.5–2 283 1.08 0.86–1.31

  2–5 356 1.13 0.89–1.37

  5–10 430 1.05 0.81–1.28

  10–20 936 1.47 1.13–1.81

  20–30 664 2.05 1.51–2.60

  30–56 189 2.79 1.87–3.70

Cherry et al. (2013)
 Mean concentration (mg/m3) Total no. HR

Table 3 Risks of lung cancer mortality according to respirable crystalline silica exposure categories set by each study
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117 Smoking

  < 0.1 - 1

  0.1–<0.15 - 1.07 0.65–1.74

  0.15–<0.2 - 0.76 0.43–1.32

  ≥ 0.2 - 0.96 0.58–1.60

Graber et al. (2014)
 Cumulative exposure (mg/m3) years Total no. HR

568 Age, race, year of birth

  < 2.22 - 1

  2.22–3.30 - 1.08 0.85–1.37

  3.31–4.12 - 1.20 0.95–1.52

  ≥ 4.13 - 1.17 0.92–1.50

Gallagher et al. (2015) -

 Cumulative exposure (mg/m3) years HR

  < 0.4 15 1 Age, calendar year and 
race  0.4–<0.9 13 1.38 0.75–2.55

  1.0–<2.6 13 1.02 0.58–1.80

  2.6–<5.6 16 1.89 1.05–3.37

  > 5.6 20 2.03 1.07–3.85

Lai et al. (2018)
 Cumulative exposure (mg/m3) years Total no. HR

262 Sex, year and hiring age, 
intensity of smoking  Not exposed - 1

  ≤ 0.4935 - 1.67 1.13–2.47

  0.4935–0.8423 - 1.66 1.19–2.32

  ≥ 0.8423 - 1.67 1.22–2.30

Wang et al. (2020) -

 Cumulative exposure (mg/m3) years Total no. HR

917 Sex, year and hiring age, 
intensity of smoking  Not exposed - 1

  0–1.056 - 1.32 1.07–1.62

  1.057–3.925 - 1.51 1.25–1.83

  > 3.925 - 1.52 1.24–1.87

Kleinschmidt et al. (2022) -

 Cumulative exposure (mg/m3) years HR

  < 0.089 29 1 Sex, starting age, race, 
starting calendar year  0.089–<0.224 28 1.20 0.70–2.04

  0.224–<0.456 30 1.85 1.09–3.14

  ≥ 0.456 29 0.92 0.54–1.58

Case-control studies

Cases Controls Risk 95%CI Adjustment
McDonald et al. (2005)
 Mean concentration (mg/m3) OR

  < 0.07 28 58 1 For matching 
and smoking  0.07–0.16 30 60 1.01 0.48–2.12

  >0.16–0.26 23 37 1.62 0.75–3.53

  >0.26 24 33 2.36 1.00-5.59

Vacek et al. (2010)
 Cumulative exposure (mg/m3) years OR

  ≤ 0.26 84 241 1 Not adjusted

  0.26–0.82 56 176 0.87 0.56–1.29

  0.82–2.09 81 206 1.28 0.90–1.83

  2.09–4.10 74 167 1.29 0.87–1.89

  > 4.10 51 151 0.96 0.60–1.54

Table 3 (continued) 
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Health Administration (OSHA) set the exposure limit at 
0.05mg/m3 for an 8-hour work day [29, 36], the American 
Conference of Government Industrial Hygiene (ACGIH) 
set it at 0.025mg/m3 for the same period [37] (Supple-
mentary material Table 1).

Discussion
The studies reviewed show a marked degree of hetero-
geneity in the exposure categories established, together 
with widely varying results for lung cancer mortality and 
incidence due to RCS exposure. Similarly, the studies 
differ considerably in terms of the occupations assessed 
and limits analyzed. There are also differences between 
the limits set by the respective agencies in the different 
countries; and even in a single country like the USA, dif-
ferences can be seen in the limits set by its own agen-
cies. Yet despite this absence of consensus, the limit most 
commonly set by the different authorities is 0.05mg/m3.

While several studies observe that high exposure levels 
have a significant relationship with a higher risk of lung 
cancer, some studies nevertheless report that the risk 
in the highest category is lower than that in the lowest 
categories. This may be due to the fact that the number 
of workers susceptible to being exposed to high levels is 
small, thereby accounting for the observed decrease in 
risk [44]. Although most studies included in this system-
atic review also reported an increased risk in the lowest 
exposure categories, these results were not significant in 
a number of studies. In studies in which mean concentra-
tions were assessed, risk of lung cancer would appear to 
be low for mean concentrations below 0.07mg/m3.

Based on the results obtained in this review, no con-
sensus can be reached on what the RCS exposure limit 
should be. Studies were however located which discussed 
the application of different cut-off points. One study 
stated that setting 0.1mg/m3 as the exposure limit would 
be insufficient but did not indicate a limit that would be 
considered acceptable [45]. Another study pointed out 
that setting the limit at 0.1mg/m3 would be below the 
threshold that would trigger pulmonary diseases such 
as lung cancer [46]. Borm et al. [47] conducted a review 
in which one of the aspects assessed was the RCS expo-
sure concentration above which there would be a geno-
toxic effect. They concluded that the lowest dose at which 

such effects are seen is 40 µg/cm2, which is equivalent to 
400 µg/m3 (i.e., 0.4mg/m3).

In relation to the genotoxic effect of the RCS, a review 
was published in 2011 [48], updating the review con-
ducted by IARC in 1997 [5], in which three mechanisms 
of carcinogenesis of RCS were proposed. The first was 
a direct mechanism in which RCS particles interacted 
directly with DNA causing the release of DNA-damag-
ing free radicals. The second, an indirect mechanism in 
which RCS depletes antioxidants and increases endog-
enous oxidative DNA damage or inhibits DNA repair. 
Third, a secondary mechanism in which RSC produces 
inflammation and genotoxicity is mediated by, for exam-
ple, phagocyte derived oxidants. In this review, secondary 
genotoxicity was proposed as the main mechanism of the 
RCS for the induction of lung cancer [48]. These mecha-
nisms were consistent with that indicated in the review 
conducted by IARC in 2012 [1]. However, at that time 
insufficient data were available to know which mecha-
nism was more likely. In 2018, another review concluded 
that RCS exposure may induce weak genotoxic effects, 
generate reactive oxygen species and cause an inflam-
matory state leading to genotoxicity and organ damage. 
However, more research is still needed as many of these 
mechanisms have only been observed in rodents [47].

Three meta-analyses were also published in which the 
dose-response between exposure to RCS and lung can-
cer was analyzed. One of these estimated that for every 
one-unit increase in exposure to silica (mg/m3 year), 
there is an 8% increase in the risk of lung cancer. Even 
so, the authors indicate that these results must be inter-
preted with caution because of the heterogeneity among 
the studies included [49]. In another meta-analysis, the 
risk of lung cancer was estimated at 22% for a cumulative 
exposure of 1.0 mg/m3-years. Moreover, these authors 
indicate that there is a risk of lung cancer associated with 
any level of exposure higher than 1.84mg/m3-years [50]. 
The 2016 meta-analysis [7] observed an increase in risks 
with the increase in exposure ranges. Hence, for the low-
est category of exposure (> 0-≤0.83mg/m3-years), risk of 
lung cancer increased by 19%, and for the highest cate-
gory (> 8.35mg/m3-years) it increased by 36%.

The variability between the studies included is evident. 
A number of studies indicate a minimum time of working 

Allen et al. (2015)
 Cumulative exposure (mg/m3) years Total no. OR

1706 Taconite, he-
matite expo-
sure, asbestos 
and sex

  0–0.0372 - 1

  0.0373–0.2063 - 1.04 0.84–1.29

  0.2064–0.5188 - 0.95 0.74–1.22

  ≥ 0.5189 - 0.97 0.70–1.35
Abbreviations: -: not specified, HR: hazard ratio, OR: odds ratio, RR: relative risk, 95% CI: 95% confidence interval

Table 3 (continued) 
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Cases Risk 95%CI Adjustment
Cohort studies

Pukkala et al. (2009)
 Cumulative exposure (mg/m3) years RR

  Not exposed 1 Age, period, social class, 
smoking and asbestos  ≤0.9 2999 1.05 0.99–1.10

  1.0–9.9 2339 0.99 0.93–1.05

  ≥10 208 1.2 1.05–1.38

Bergdahl et al. (2010)
 Cumulative exposure (mg/m3) years RR

  Not exposed 14 1 Age and calendar year

  0–2 59 1.62 0.90–2.92

  2–5 27 2.09 1.08–4.06

  >5 12 1.74 0.79–3.85

Bugge et al. (2012)
 Cumulative exposure (mg/m3) years RR

Respirable dust Age

  0–3.8 8 1

  3.8–10 18 1.7 0.7-4.0

  10–87 32 2.0 0.9–4.4

Respirable quartz

  0–0.026 10 1

  0.026–0.077 18 1.3 0.6–2.8

  0.077–2.3 30 1.5 0.7–3.1

Respirable cristobalite

  0–0.028 9 1

  0.028–0.093 15 1.2 0.5–2.7

  0.093–2.7 34 2.0 0.9–4.1

Westberg et al. (2013)
 Cumulative exposure (mg/m3) year Total no. HR

53 Age at diagnosis

  <1 - 1

  1–1.9 - 1.01 0.55–1.84

  ≥2 - 0.78 0.24–2.57

Cases Controls Risk 95%CI Adjustment
Case–control studies

Cassidy et al. (2007)
 Cumulative exposure (mg/m3) hours OR

  Not exposed 20 years ago 2417 1 Age, sex, cen-
ter, smoking, 
educational 
level, sawdust 
powder 
insulation and 
sawdust

  0–9 89 81 1.07 0.77–1.50

  9–35 98 81 1.06 0.75–1.49

  35–200 110 74 1.47 1.04–2.06

  >200 138 74 2.08 1.49–2.90

Preller et al. (2010)
 Cumulative exposure (mg/m3) year RR

  Not exposed 1 Age, family 
history of lung 
cancer, smok-
ing, no. of cig/
day, years of 
smoking, fruit 
and vegetables 
and alcohol 
consumption

  >0–<3 148 - 0.95 0.73–1.25

  ≥3 62 - 1.47 0.93–2.33

 Mean concentration (mg/m3)

  Not exposed 1

  >0–<0.075 109 - 0.97 0.70–1.33

  0.075–0.2 75 - 1.21 0.82–1.78

  0.2–0.6 26 - 1.14 0.63–2.05

Table 4 Risk of developing lung cancer according to the respective respirable crystalline silica exposure categories set by each study
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interaction with smoking (observed, for instance, with 
other occupation-related carcinogens, such as asbestos). 
Two large-scale case-control studies were undertaken 
in Canada, which analyzed the effect of exposure to sil-
ica and smoking. The first study observed that while the 
interaction between exposure to silica and smoking was 
additive, the effect might even be multiplicative [51]. The 
second study observed that in workers with a 10–40 year 
history of smoking who were exposed to silica, risk of 
lung cancer was higher than among smokers who were 
not exposed. The authors concluded that the interaction 
between smoking and exposure to crystalline silica was 
multiplicative [52]. When assessing the effect of RCS 
exposure on risk of lung cancer, it is therefore important 
that the confounding role played by tobacco is taken into 
account. It is likely that the cutting-down or cessation of 
smoking among workers exposed to RCS may make a sig-
nificant contribution to decreasing the risk of lung cancer 
due to such exposure.

Various agencies from different countries have set RCS 
exposure limits in the workplace. Yet there is no con-
sensus on the cut-off point that should be used to set an 
RCS exposure limit in the work environment. One study 
explains that the exposure limit values proposed by differ-
ent agencies have been set according to risk -rather than 
health- management criteria [29]. For national or inter-
national regulatory agencies, the existing uncertainty 
appears to focus on a considerably narrow range of expo-
sure, from 0.05 to 0.1mg/m3. Some agencies, such as the 
ACGIH (USA), have arrived at a figure of 0.025mg/m3. 
This also implies that there is consensus among agencies 
engaged in the prevention of occupational risks, which 
consists of indicating that from 0.1mg/m3 upwards there 
is a significant risk of disease, and that below 0.025mg/m3 
this risk would be small.

This study has limitations, linked in the main to the 
wide variability between studies when it comes to assess-
ing exposure to RCS. This variability is based on impor-
tant differences in RCS exposures, variability in exposures 
over time due to improved protective measures, and dif-
ference in adjustment variables between studies, apart 
from the aspects already commented related with age, 
tobacco exposure and lung cancer diagnosis. Indeed, this 

Ge et al. (2020)
 Cumulative exposure (mg/m3) years OR

  Not exposed 11,978 16,477 1 Study, age, sex, 
smoking, list A 
of occupations

  >0–0.39 1113 1128 1.15 1.04–1.27

  0.4–1.09 1221 1120 1.33 1.21–1.47

  1.1–2.39 1231 1122 1.29 1.17–1.42

  ≥2.4 1358 1118 1.45 1.31–1.60
Abbreviations: -: not specified, HR: hazard ratio, OR: odds ratio, RR: relative risk, 95%CI: 95% confidence interval

Table 4 (continued) 

in the industry targeted by the study, and therefore estab-
lish a minimum time of exposure to RCS. This minimum 
time ranges from 6 months to 3 years, though a great pro-
portion of the studies put it at 1 year. Most of the studies 
are based on data from a cohort with very long follow-
up periods, in a population employed in one type of 
industry. Whereas the shortest follow-up period was 25 
years, the longest was 71 years. Yet, in some studies the 
follow-up period and, by extension, the duration of expo-
sure were not clear, something that amounts to a major 
limitation. In addition, there was no explanation as to 
whether measurement of RCS exposure was taken during 
the workday. Furthermore, the studies targeted different 
types of industries, with mining being the most frequent. 
It should be borne in mind here that RCS exposure levels 
in the different occupations can be highly variable.

A great part of the studies assessed cumulative expo-
sure in years, which is generally calculated on the basis of 
exposure intensities in the workplace and years worked in 
that same workplace. It is therefore a measure that takes 
into account each worker’s intensity of exposure plus his/
her duration of exposure. Yet, on being a measure that 
considers years worked, it should be borne in mind that 
working conditions may well vary over the course of a 
work-life. Improvements over time in working condi-
tions, such as ventilation systems, protection equipment 
which might entail the need to wear high-protection face 
masks, or routine controls in workers’ exposure to this 
carcinogen, could serve to influence the value of cumula-
tive exposure.

Another important aspect to bear in mind is age. There 
are few studies that report on the age of their participants, 
the ages at which death or the appearance of cases of lung 
cancer occur, all of which is crucial for attributing a lung 
cancer risk. In those studies in which the participants’ age 
range is known, these begin from a younger starting age, 
like 20 years, or a higher starting age, like 45 or 55 years, 
and include a population with ages up to 65–80 years. The 
lack of knowledge in some studies of participants’ ages 
during measurement of exposure, diagnosis of or death 
due to lung cancer, is another major limitation.

Another relevant aspect relates to smoking. Some of 
the studies included report that there may have been an 
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wide variability rendered a meta-analysis impossible due 
to the extremely high heterogeneity. Furthermore, most 
of the studies assessed the risk of lung cancer mortality, 
even though it would have been more apposite to analyze 
the effect on incidence. Our study also has advantages, 
such as its exhaustiveness in terms of the data collected 
and analyzed, and its systematic review design, based on 
the PRISMA guidelines.

In conclusion, there is wide variability between studies 
in terms of RCS exposure levels. While setting an agreed 
exposure limit is not possible on the basis of the results 
obtained, risk of lung cancer appears to be low for mean 
concentrations of less than 0.07mg/m3. There are also dif-
ferences between the limits set by agencies, though these 
are within a narrow spectrum ranging from 0.025mg/m3 
to 0.1mg/m3. Most agencies set 0.05mg/m3 for an 8-hour 
workday as their RCS exposure limit. Although there is 
no precise cut-off point for the existence of risk of lung 
cancer due to RCS exposure, prevention measures should 
nonetheless protect workers up to a reasonably feasible 
limit, which should also take into account cost-effective-
ness aspects and detection limits.
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