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Abstract

Background Although silica is a proven lung carcinogen, there is no convincing evidence linking crystalline silica to gas-
trointestinal malignancies.

Methods We detailedly searched studies on the link between gastrointestinal malignancies and occupational silica expo-
sure. Studies published between 1987 and 2023 were found by searching PubMed, Scopus, Cochrane Library, and Web of
Science databases. Further studies were included from reference searching. We conducted a meta-analysis of the incidence
and mortality of gastrointestinal malignancies and occupational silica exposure. We computed pooled-risk estimates using
random effects models. Egger’s regression asymmetry test and a funnel plot were used to identify publication bias. Moreover,
sensitivity analysis and subgroup analysis were out.

Results We identified 40 research with individuals from 13 different countries. The results indicate that occupational silica
exposure raises the risk of gastric and esophageal cancer incidence, with pooled standardized incidence ratio of 1.35 (95%
CI 1.21-1.51, p < 0.001), 1.31 (95% CI 1.04-1.65, p = 0.023), respectively, but there was a lack of statistically significant
relationship between standardized mortality ratio. In addition, we found that silica exposure did not increase the risk of
colorectal and pancreatic cancers. Occupational silica exposure was found to increase the risk of liver cancer, with pooled
SIR and SMR of 1.19 (95% CI 1.04-1.35, p = 0.009), 1.24 (95% CI 1.03-1.49, p = 0.026), respectively.

Conclusions We discovered a link between occupational silica exposure and gastrointestinal malignancies, with cancers of
the liver, stomach, and esophagus being the most prevalent. Colorectal and pancreatic cancer were not linked to occupational
silica exposure.

Keywords Silica - Gastrointestinal cancers - Occupational exposure - Meta-analysis

Abbreviations CS Crystalline silica
GI Gastrointestinal PRISMA The Preferred Reporting Items for Systematic
CI Confidence intervals Reviews and Meta-Analyses
SIR Standardized incidence ratio QA Quality assessment
SMR Standardized mortality ratio Si-NPs Silica nanoparticles
TIARC The International Agency for Research on

Cancer
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workplace affects tens of millions of individuals globally
(Chen et al. 2012). At the same time, gastrointestinal (GI)
cancers are common worldwide. According to global cancer
statistics for 2020, gastrointestinal cancers account for about
one-third of all cancer incidence and mortality worldwide
(Sung et al. 2020). Colorectal, stomach, esophageal, liver,
and pancreatic cancers are the most prevalent gastrointesti-
nal cancers.

There is evidence that exposure to silica can cause can-
cers in organs other than lung cancer, such as the liver, gas-
tric, colorectal, esophageal, and other cancers (Goldberg
et al. 2001; Dgssing et al. 1997). Men who work in min-
ing, quarries, construction, and metal processing are at an
elevated risk, supporting the idea that stomach cancer may
be caused by exposure to dusty settings (Aragonés et al.
2002). Workers exposed to quartz dust (IRR: 1.3, 95% CI
1.0-1.7) and cement dust (IRR: 1.5,95% CI 1.1-2.1) had an
increased risk of developing stomach cancer (Sjodahl et al.
2007). Lian et al. (2019) found that silica phytoliths can con-
taminate wheat flour, result in recurrent local lesions in the
esophagus, and promote proliferation by acting as anchoring.
A hospital-based multi-center case—control study in Spain
found that miners, stonemasons, and carvers had a higher
risk of esophageal cancer (OR 10.78, 95% CI 1.24-93.7)
(Santibanez et al. 2008). A Swedish study found that among
women, occupational groups such as glass, pottery, and tile
workers had a statistically significant higher risk of pan-
creatic cancer (Alguacil et al. 2003). A population-based
case—control study conducted in Canada to explore the asso-
ciation between hundreds of occupational settings and colon
cancer in men found 21 occupational agent exposures that
increase the risk of colon cancer in men, including fiber-
glass (Goldberg et al. 2001). A nested case—control study
conducted in Denmark examined the hypothesis that occu-
pational exposure to chemical agents causes primary liver
cancer. Among them, workers in the stone, clay and glass
industries had a higher risk of primary liver cancer (OR:
1.53, 95% CI 1.0-2.3) than those who did not work in these
sites (OR 1.34, 95% CI 0.8-1.8) (Dgssing et al. 1997).

Many epidemiological studies and meta-analyses have
previously demonstrated the association between occupa-
tional silica exposure and lung cancer. However, there is
limited information investigating the carcinogenicity of
silica in non-respiratory organs. We are interested in those
who work in an environment with chronic silica exposure
and clinically confirmed gastrointestinal cancer diagnoses.
We, therefore, conducted this study to discover if working
with silica increases the risk of developing or dying from
gastrointestinal cancers.

@ Springer

Methods
Literature search

We carried out a systematic review and meta-analysis
of cohort studies of workers exposed to silica in accord-
ance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) checklist. The
PRISMA checklist is included in the supplementary mate-
rial (Table S1). Two authors (Shao and Zhang) system-
atically searched and analyzed the literature published
from 1987 to February 2023. Another author (Fu) inde-
pendently re-reviewed the search and analysis results and
addressed and decided on potential disagreements during
the literature search. Four academics databases (PubMed,
Scopus, Cochrane Library, and Web of Science) were used
for searching through the following keywords: (1) silica,
quartz; (2) workplaces where silica is exposed over time,
such as ceramics, glass, mining, metallurgy, etc.; (3) ill-
nesses resulting from prolonged exposure to silica, such
as pneumosilicosis, silicosis, etc.; (4) gastrointestinal
cancers, such as liver cancer, stomach cancer, pancreatic
cancer, etc. (details can be found in Table S2). EndNote
X9 (Clarivate Analytics) collected, managed and identi-
fied duplicate citations. The sources listed in the chosen
articles were also taken into account.

Before starting the review, the systematic review proto-
col was registered with PROSPERO (registration number:
CRD42022337773).

Study selection

We found 46,896 potentially relevant studies through pre-
liminary searching. We excluded duplicate articles through
EndNote X9. Based on the title and abstract, two authors
(Zhang and Shao) reviewed the publications and chose
those that fulfilled the inclusion criteria. The screened arti-
cles were read in their full text. We included only those
articles that met the screening criteria. Disagreements that
arose during the title, abstract, and full-text screening pro-
cess were resolved through discussion with another author
(Fu).

The inclusion criteria included: (1) design of the
study: cohort studies; (2) occupational exposure: workers
with exclusive or predominant occupational exposure to
silica; (3) outcome: gastrointestinal cancer incidence or
mortality.

The exclusion criteria included: (1) occupational expo-
sure: workers with possible low-level exposure to silica
and exposure to some other known carcinogens, such as
seamen, and mechanics (If the studies met the inclusion
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criteria, i.e., workers who were primarily or exclusively
exposed to silica in their daily work, they would not be
excluded because of the level of silica exposure); (2) out-
come: studies lacking confidence intervals or outcome
measures other than standardized mortality or incidence.

Data extraction

We extracted the following information: (1) first author; (2)
year of publication; (3) type of industry or occupation of
employment (e.g., foundry, ceramics, or mining); (4) geo-
graphical region, divided into Europe, North America, Asia,
and Oceania; (5) source of diagnosis: cancer registration,
death certificate; (6) composition of the cohort by gender: M
for male, F for female, and MF for both male and female; (7)
years of follow-up; (8) observed number of cases; (9) Stand-
ardized mortality rate (SMR) or Standardized incidence rate
(SIR) and 95% confidence interval (CI) for specific GI can-
cer subtypes.

Mortality studies rely on data from death certificates,
whereas incidence studies use information from cancer
registries.

Study quality

Quality assessment (QA) was performed based on the
NIH score for a quality assessment tool for Observational
Cohort and Cross-Sectional Studies (https://www.nhlbi.
nih.gov/health-topics/study-quality-assessment-tools.). We
divided the studies into three categories based on the scores
obtained: (1) high quality (8—10 points); (2) medium quality
(5-7 points); (3) low quality (0—4 points) (total 10 criteria,
one point for each criteria met).

Statistical analysis

We calculated overall pooled effect estimates and 95% con-
fidence intervals (CI) using a random effects model. We
performed a pooled assessment of the risk of morbidity or
mortality for each gastrointestinal cancer subtype. In the
analysis, we combined colon and rectal cancer as colorectal
cancer because both the colon and rectum belong to the large
intestine. We conducted subgroup analyses based on study
features to explore potential sources of heterogeneity. Sub-
group analyses were performed according to the following
features: gender (male, female or mixed), geographic region
(Asia, Europe, North America, or Oceania), workplace (min-
ing, ceramics, glass, foundry, Silicon carbide, diatomaceous
earth or mixed), publication years (1987-2000, 2001-2010,
2011-2023).

Sensitivity analyses were performed to assess the out-
comes’ robustness, and meta-analyses were repeated after
excluding each study. We also employed funnel plots and

Egger’s regression asymmetry test to evaluate publication
bias. The levels of significance for all statistical tests were
assumed to be equal to or less than 0.05. STATA 15 software
was used for all statistical analyses.

Results
Literature selection and study characteristics

A systematic search of PubMed, Cochrane Library, Web
of Science, and Scopus databases for articles published
between 1987 and 2023 initially identified 46,896 articles.
After removing 12,209 duplicates, the titles and abstracts
of the remaining articles were reviewed, of which 34,390
were discarded after review. The remaining 297 articles were
screened for full text based on inclusion and exclusion crite-
ria; 257 did not meet the inclusion criteria [non-occupational
exposure (n=73), inconsistent or missing results (n=110),
wrong study design (n=57), and conference paper (n=17)].
The final 40 papers were selected in the meta-analysis since
they satisfied the inclusion criteria. The flowchart in our
meta-analysis is shown in Fig. 1.

We extracted 41 independent cohorts from 40 articles, of
which 22 cohorts were from Europe (8 from Italy, 4 from
the UK, 3 from Norway, 2 from the Czech Republic, and 1
each from Sweden, Poland, Germany, and the Netherlands),
8 from North America, 10 from Asia, and 1 from Oceania.
They were all cohort studies, either retrospective or prospec-
tive. The follow-up period ranged from 10 to 20 years. One
study evaluated the risk of gastrointestinal cancer incidence
in terms of short-term versus long-term silica exposure,
respectively (Bugge et al. 2010). A study also compared the
risk of gastrointestinal cancers in patients with silicosis and
those without silicosis (Tomaskova et al. 2012). The study
found that non-silicosis workers had a higher risk of gastro-
intestinal cancers, while silicosis workers had a higher risk
of lung cancer. Industries included in the studies covered
mining, glass manufacturing, ceramics, smelting, silicon
carbide, diatomaceous earth, and construction. Of these,
33 cohorts assessed the incidence of gastrointestinal can-
cers and 8 cohorts assessed mortality from gastrointestinal
cancers. 28 cohorts reported the risk of gastric cancer; 23
cohorts reported the risk of liver cancer23 cohorts reported
the risk of esophageal cancer; 22 cohorts reported the risk
of pancreatic cancer, and 32 cohorts reported the risk of
colorectal cancer. The particular characteristics of the stud-
ies included in the meta-analysis are summarized in Table 1.

Results of cancer incidence studies were obtained from
cancer registries (n=6). Most cancer mortality study results
were obtained from death certificates (n=32), and a few
were obtained from population registries to determine the
subject’s vital status (n=2).
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Fig.1 PRISMA flow diagram showing the literature search and screening process for studies relevant to occupational silica exposure and GI
cancer risk. G/ gastrointestinal, PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
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Meta-analysis

The results show that occupational silica exposure increases
the risk of gastric and esophageal cancer incidence, with
pooled SIR of 1.35 (95% CI 1.21-1.51, p<0.001), 1.31
(95% CI 1.04-1.65, p=0.023), respectively, but there
was a lack of statistically significant relationship between
mortality (pooled SMR for gastric cancer: 1.08, 95% CI
0.95-1.22, p=0.228, pooled SMR for esophageal cancer:
0.88, 95% CI 0.64—-1.21, p=0.432). In addition, the study
found a lack of statistically significant association between
occupational silica exposure and mortality and incidence of
colorectal and pancreatic cancer (pooled SIR for colorec-
tal cancer: 0.98, 95% CI 0.88-1.08, p=0.662, pooled SMR
for colorectal cancer: 0.92, 95% CI 0.84-1.02, p=0.101,
pooled SIR for pancreatic cancer: 1.03, 95% CI 0.86-1.22,
p=0.767, pooled SMR for pancreatic cancer: 0.98, 95% CI
0.87-1.10, p=0.747). Occupational silica exposure was
found to increase the risk of liver cancer, with pooled SIR
and SMR of 1.19 (95% CI 1.04-1.35, p=0.009),1.24 (95%
CI 1.03-1.49, p=0.026), respectively. Figures 2 and 3 show
the forest plots of occupational silica exposure and standard-
ized incidence and mortality rate of gastrointestinal cancers,
respectively.

Subgroup analysis
Gastric cancer

Figure 4 shows the results of a partial subgroup analysis of
occupational silica exposure and gastrointestinal cancer risk.
The results of the subgroup analysis of occupational silica
exposure and risk of gastrointestinal cancer incidence and
mortality are shown in Table S3 and Table S4, respectively.
Subgroup analyses based on sex, industry, region, and year
of literature publication showed that all subgroup analyses
were consistent with the results of the meta-analysis, except
that there was no significant association between female
workers and foundry industry and gastric cancer incidence
(SIR: 0.62,95% C1 0.17-2.32; SIR: 0.82,95% CI1 0.47-1.43,
respectively). The heterogeneity of all subgroup analyses
was less than 10%. Mining and silicon carbide workers had a
higher risk of gastric cancer, with pooled SIR results of 1.37
(95% CI1.20-1.57) and 1.42 (95% CI 1.14-1.75), respec-
tively. The risk of death from gastric cancer was significantly
higher in the mining and foundry industry than in other sec-
tors (SMR: 1.31, 95% CI 1.20-1.44; SMR: 1.25, 95% CI
1.08-1.45, respectively).

Esophageal cancer

The esophageal cancer subgroup analysis showed a signifi-
cant association between the incidence of esophageal cancer

@ Springer

and occupational silica exposure in men (SIR: 1.30, 95%
CI 1.04-1.63). Similarly, there was a significant associa-
tion between esophageal cancer incidence and occupational
silica exposure in Asia (SIR: 1.76, 95% CI 1.25-2.47). The
remaining subgroup analyses did not reveal a significant
association with esophageal cancer incidence. Esophageal
cancer mortality (SMR: 0.52, 95% CI 0.36-0.75) was sig-
nificantly lower in the mixed male and female cohorts, but
there was a large heterogeneity between studies. Esophageal
cancer mortality rates (SMR: 0.56, 95% CI 0.38-0.83; SMR:
0.32, 95% CI 0.19-0.54, respectively) were also significantly
lower in the pottery and metallurgical industries. The results
of the remaining subgroup analyses were consistent with the
meta-analysis.

Colorectal cancer

In the subgroup analysis of colorectal cancer, we also per-
formed separate meta-analyses for colon and rectal cancers.
All subgroup analyses showed no significant association
between occupational silica exposure and colorectal cancer
incidence, and there was no significant heterogeneity across
all subgroup analyses. The pooled results from the literature
published between 2011 and 2023 suggest that occupational
silica exposure leads to a colorectal cancer mortality rate
(SMR: 0.84, 95% CI 0.74-0.95) significantly lower, with
low heterogeneity between studies. A similar pattern was
found in the male and female mixed cohorts and in the mixed
industry. Moreover, mortality rates for colon cancer (SMR:
0.88, 95% CI 0.79-0.97) were significantly lower with low
heterogeneity. The remaining SMR subgroup analysis results
were consistent with the meta-analysis results and showed
no significant heterogeneity.

Pancreatic cancer

All subgroup analyses showed no significant association
between pancreatic cancer incidence and mortality and
occupational silica exposure, and there was no significant
heterogeneity among all subgroups. The results of the
subgroup analyses were consistent with the results of the
meta-analysis.

Liver cancer

The risk of liver cancer incidence (SIR: 1.16, 95% CI
1.02-1.33) and mortality (SMR: 1.63, 95% CI 1.17-2.28)
was higher among mining workers than in other industries.
Asian workers had a higher risk of liver cancer incidence
(SIR: 1.18, 95% CI 1.01-1.37) and mortality (SMR: 1.24,
95% CI 1.02—-1.50) than North America (SIR: 1.10, 95%
CI 0.83-1.46; SMR: 0.90, 95% CI 0.50-1.62). There was
no significant association between liver cancer incidence
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Fig. 2 Forest plot of GI cancers
standardized incidence ratio

(SIR) in silica exposed workers.

Reported effect estimates (95%
CI) from individual studies and
overall pooled estimate from
random-effects (RE) model for
silica exposure and GI cancer
subtypes. CI confidence inter-
val, GI gastrointestinal
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%

Type and Reference SIR (95% ClI) Weight
Colorectal cancer
Bugge et al. (2010A) 1.00 (0.50, 1.80) 2.64
Bugge et al. (2010B) 4 : 0.40 (0.10, 1.30)  0.66
Bugge et al. (2010C) 1.00 (0.70, 1.50) 7.45
Bugge et al. (2010D) 1.00 (0.60, 1.70) 3.99
Hobbesland et al. (1999A) 1.09 (0.73, 1.56) 7.51
Hobbesland et al. (1999B) 1.00 (0.59, 1.58) 4.46
Hung et al. (2014) 1.00 (0.84, 1.18) 37.48
Romundstad et al. (2001A) 1.00 (0.70, 1.50) 7.45
Romundstad et al. (2001B) 0.80 (0.50, 1.40) 4.08
Tomaskova et al. (2012A) 0.96 (0.56, 1.55) 4.18
Tomaskova et al. (2012B) 0.88 (0.62, 1.20) 9.93
Westberg et al. (2013A) 1.12(0.74, 1.63) 6.94
Westberg et al. (2013B) 0.78 (0.42, 1.34) 3.22
Subgroup, DL (IZ =0.0%, p=0.977) 1 0.98 (0.88, 1.08) 100.00
Esophageal cancer :
Allen et al. (2015) 'P' 1.10 (0.90, 1.40) 49.56
Bugge et al. (2010A) : f 1.90 (0.60, 5.80) 3.99
Bugge et al. (2010B) :d . 0.90 (0.30,2.70) 4.24
Hobbesland et al. (1999) _-.— 1.21(0.39,2.83) 5.15
Hung et al. (2014) |—.— 1.76 (1.24, 2.44) 30.84
Romundstad et al. (2001) _1._ 1.30 (0.50, 3.00) 6.22
Subgroup, DL (I2 =17.6%, p = 0.300) 9 1.31 (1.04, 1.65) 100.00
Gastric cancer !
Allen et al. (2015) I-.. 1.40 (1.10, 1.60) 35.21
Bugge et al. (2010A) —-l-.— 1.40 (0.80, 2.40) 4.10
Bugge et al. (2010B) --!.— 1.30 (0.90, 1.90) 8.85
Hung et al. (2014) '-.- 1.42 (1.13, 1.76) 25.18
Romundstad et al. (2001) 1.50 (1.10, 2.00) 13.83
Tomaskova et al. (2012A) 1.08 (0.50, 2.05) 2.48
Tomaskova et al. (2012B) 1.15(0.72,1.74) 6.35
Westberg et al. (2013) 0.82 (0.45, 1.37) 3.99
Subgroup, DL (IZ =0.0%, p=0.678) & 1.35 (1.21, 1.51) 100.00

I
Liver cancer 1
Allen et al. (2015) 1.10 (0.80, 1.40) 21.22
Bugge et al. (2010A) ‘ 2.30(0.60,9.10) 0.90
Bugge et al. (2010B) 1.10 (0.30,4.20) 0.95
Hung et al. (2014) 1.18 (1.01, 1.37) 71.50
Romundstad et al. (2001) ‘7 1.40 (0.30,4.10) 0.97
Westberg et al. (2013) - -'—.— 1.59 (0.82,2.78) 4.46
Subgroup, DL ( * = 0.0%, p =0.827) i 4 1.19 (1.04, 1.35) 100.00

I
Pancreatic cancer
Allen et al. (2015) 1.10 (0.90, 1.40) 60.76
Bugge et al. (2010A) 1.20 (0.50, 2.80) 4.00
Bugge et al. (2010B) 1.00 (0.50, 1.90) 6.66
Hobbesland et al. (1999) 0.97 (0.50, 1.70)  7.92
Hung et al. (2014) 0.75(0.40, 1.28) 8.77
Romundstad et al. (2001) 1.10 (0.60, 1.90) 8.93
Westberg et al. (2013) 0.51(0.16, 1.18)  2.97
Subgroup, DL ( * = 0.0%, p=0.731) 1.03 (0.86, 1.22) 100.00
Gl cancer
Hung et al. (2014) 1.16 (1.06, 1.28) 58.12
Westberg et al. (2013) 0.88 (0.69, 1.11) 41.88
Subgroup, DL (I° = 77.7%, p = 0.034) 1.03 (0.79, 1.35) 100.00
Heterogeneity between groups: p = 0.001
Overall, DL (I2 =11.8%, p = 0.257) 1.13 (1.07, 1.20)

I I I I
A 2 5 1 2 10
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Fig. 3 Forest plot of GI cancers
standardized mortality ratio
(SMR) in silica exposed work-
ers. Reported effect estimates
(95% CI) from individual
studies and overall pooled
estimate from random-effects
(RE) model for silica exposure
and GI cancer subtypes. CI
confidence interval, GI gastro-
intestinal

@ Springer

Type and Reference

Colorectal cancer
Adzersen et al. (2003A)
Adzersen et al. (2003B)
Bartoli et al. (1998)
Berry ctal. (2004)
Brown et al. (2005A)
Chen et al. (1992)
Checkoway et al. (1993)
Checkoway et al. (1997)
Ciocan ct al. (2022)
Gallagher ct al. (2015)
Marinaccio et al. (2006A)
Sorahan et al. (1994A)
Sorahan ct al. (1994B)
Swaen et al. (1995)
Starzynski et al. (1996A)
Starzynski et al. (1996B)
Scarselli et al. (2011)
Yoon et al. (2014)
Zhang et al. (2008)
Subgroup, DL (I* = 8.3%, p = 0.354)

Esophageal cancer
Adzersen et al. (2003)
Brown et al. (2005A)
Chen etal. (1992)

Checkoway et al. (1997)
Chen et al. (2006)

Ciocan et al. (2022)
Gallagher ct al. (2015)
Merlo et al. (1991)
Marinaccio et al. (2006A)
Ng et al. (1990)

Swaen et al. (1995)
Starzynski ct al. (1996)
Scarselli et al. (2011)
Wang et al. (1996)

Yu etal. (2005)

Zambon et al. (1987)
Zhang et al. (2008)
Subgroup, DL (I* = 82.5%, p = 0.000)

Gastric cancer
Adzersen et al. (2003)
Bartoli et al. (1998)
Berry et al. (2004)

Brown et al. (2005A)
Carta etal. (1991)

Carta etal. (2001)
Checkoway et al. (1993)
Checkoway et al. (1997)
Ciocan et al. (2022)
Gallagher et al. (2015)
Marinaccio et al. (2006A)
Miller et al. (2010)
Sorahan et al. (1994)
Swaen et al. (1995)
Starzynski et al. (1996)
Sun etal. (1997)
Scarselli et al. (2011)
Wang et al. (1996)

Yoon etal. (2014)

Zhang et al. (2008

)
Subgroup, DL (I" = 70.2%, p = 0.000)

Liver cancer

Adzersen et al. (2003)
Bartoli et al. (1998)
Checkoway et al. (1993)
Checkoway et al. (1997)
Chen etal. (1992)

Chen et al. (2006)

Ciocan ct al. (2022)
Gallagher ct al. (2015)
Marinaccio et al. (2006A)
Ngetal. (1990)

Sorahan et al. (1994)
Starzynski et al. (1996)
Sun etal. (1997)
Scarselli et al. (2011)
Wang et al. (1996)

Wang et al. (2021)

Yoon et al. (2014)
Subgroup, DL (I* = 82.2%, p = 0.000)

Pancreatic cancer
Adzersen et al. (2003)
Berry ct al. (2004)

Brown et al. (2005A)
Checkoway et al. (1993)
Checkoway et al. (1997)
Ciocan et al. (2022)
Gallagher et al. (2015)
Merlo et al. (1991)
Marinaccio et al. (2006A)
Sorahan et al. (1994)
Swaen et al. (1995)
Starzynski et al. (1996)
Sun etal. (1997)
Scarselli et al. (2011)
Yoon et al. (2014)
Subgroup, DL (I" = 0.0%, p = 0.909)

GI cancer

Berry et al. (2004)

Brown et al. (2005A)
Cherry et al. (1998)
Goldssmith et al. (1995)
Merlo et al. (1991)
Marinaccio et al. (2006A)
Steenland et al. (1995)
Steenland et al. (2001)
Scarselli et al. (2011)
Ulm et al. (2004)

Vacek etal. 2011)
Subgroup, DL (I" = 48.3%, p = 0.036)

Heterogeneity between groups: p = 0.080
Overall, DL (I’ = 76.0%, p = 0.000)

*

SMR (95% CI)

0.82 (0.45, 1.90)
1.27(0.67,2.01)
097 (0.33,2.22)

119 (064, 2.04)
0.76 (0.16, 2.21)
0.95 (0.65, 1.35)

091 (0.68, 1.19)
1.19(0.89, 1.57)
130 (0.89, 1.85)
133(0.73,2.33)
1.06 (0.62, 1.70)
0.86 (0.60, 1.23)
1.06 (0.63, 1.68)
0.59 (030, 1.06)
0.92 (0.84, 1.02)

0.97 (0.5, 3.01)
1.19(0.30, 2.14)
0.44(0.35, 0.54)
0.24(0.01,1.32)

0.76 (0.30, 1.56)
1.18 (061, 2.06)
1.00 (0.77, 1.31)
1.64 (0.53, 3.83)
0.62(0.25, 1.27)
1.12 (0.58, 1.96)
131(0.58, 3.00)
0.32(0.19,0.55)

0.56 (0.37. 0.81)
0.38 (0.64, 121)

1.15(0.59, 2.23)
1.07(0.71, 1.53)
161 (0.92,2.62)
1.02 (0.60, 1.61)
0.97 (0.48, 1.93)

1.15 (081, 1.59)
1.27(0.67,2.17)
0.82(0.74, 0.92)
129 (1.15, 1.44)
134 (1.1, 1.60)
1.47 (122, 1.76)
1.09 (0.84, 1.39)
1.03 (0.78, 1.33)
0.99 (0.67, 1.45)
0.88 (0.66, 1.16)

108 (0.95, 1.22)
3.23 (1.49, 8.45)

1.01(0.27, 2.58)
1.15 (105, 1.26)
1.97 (1.63,2.35)
1.34(0.80, 2.12)

1.14.(0.49, 2.24)
0.72(0.23, 1.68)
1.16 (0.69, 1.83)
1.26 (0.65,2.21)

1,14 (0.98, 1.30)
0.99 (0.78, 1.25)
124 (1,03, 1.49)

0.99 (0.54, 2.47)
0.87(0.32, 1.90)
0.22(0.03, 0.78)
1.1 (045, 2.29)
115 (0.5, 2.12)
0.93 (0.46, 1.66)
0.95 (0.54, 1.54)
1.4 (0.30,4.22)
0.96(0.79, 1.17)
1.05(0.76, 1.42)
0.71 (0.4, 1.08)
1.16 (0.70, 1.81)
1.09 (070, 1.62)
1.17(0.71,1.93)
0.78 (036, 1.49)
0.98 (0.87, 1.10)

120 0.90, 1.57)
0.76 (0.57, 1.00)
1.26 (0.90, 1.71)

0.90 (0.84, 0.96)
0.85 (0.6, 1.07)
0.99(0.72, 1.34)
0.95(0.79, 1.16)
1.67 (0.83, 2.99)

1.04 (091, 1.19)
1.00 091, 1.10)
103 (0.96, 1.10)

%
Weight

1.66
2.80
0.95
2.31
0.89
12.71
2.50
0.50
5.94
0.48
27.12
9.51
9.29

[S)
n
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% %
Publication year and Reference SIR(95%Cl)  Weight Publication year and Reference SMR(95% CI)  Weight
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s oL (= 0.0%.p = 0786 <> 106078 143) 10000 Checkoway et al. (1997) —_— 076(0.16.221)  1.40
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Sorahan et al. (19948) — 1.19(089,157) 1891
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) Subgroup, DL (I° = 24.3%, p = 0.228) <> 1.02 (0.87,1.19) 10000
Bugge et al. (2010C) — 1.00(0.70,1.50) 2836
b
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Sy DL (1" = 0.0%, p = 0.795) €‘> 0.94 (0.77,1.16)  100.00 Berry ot al. (2004) — 088(048,1.54 422
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Tomaskova et al. (2012A — 096(0.56,155)  6.77
vaotal. (20128 ( ) 20112023 .-
Tomaskova et al. (20128) = 0.88(062,1.20)  16.08 Ciocan et al. (2022) — 0.95(0.65,1.35)  37.52
Westberg et al. (2013A) —f— 112(0.74,163) 11.24 Gallagher et al. (2015) =Mt 046(0.09.134) 275
Westberg et al. (20138) —_— 078(042,134) 521 Scarselli ot al. (2011) —= 086(0.60,123)  38.90
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Heterogeneity between groups: p = 0.834 Heterogeneity between groups: p = 0.183
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Colorectal cancer Colorectal cancer
% %
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Foundry
7 2001-2010
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Hung et al. (2014) —— 142(113,1.76) 3450
T
Silicon Carbide Tomaskova et al. (2012A) —_— 108(050,205) 385
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%
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Fig.4 Partial GI cancers SMR and SIR subgroup analysis results. SIR standardized incidence ratio, SMR standardized mortality ratio, CI confi-
dence interval, GI gastrointestinal
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and mortality and silica exposure in European and North
American workers. Pooled SIR results from the literature
published from 2001 to 2010 showed no significant correla-
tion between occupational silica exposure and liver cancer
incidence (SIR: 1.51, 95% CI 0.70-3.25), but pooled SMR
results showed a significant correlation between occupa-
tional silica exposure and liver cancer mortality (SMR:
2.09, 95% CI 1.86-2.35). In contrast, the pooled results of
the literature published between 2011 and 2023 showed
the opposite, with the SMR pooled and SIR pooled results
of 1.08 (95% CI 0.97-1.21) and 1.18 (95% CI 1.03-1.34),
respectively. We performed a subgroup analysis of liver can-
cer mortality studies according to the year of publication
in the literature and found that the heterogeneity between
groups was 0.

Publication bias and sensitivity analyses

Although there was no evidence of publication bias in the
egger assay results of the Liver Cancer Mortality Study, the
funnel plots showed some asymmetry. Funnel plots did not
show asymmetry for all studies except the liver cancer mor-
tality study (Figure S1). None of the sensitivity analyses
affected the combined results by omitting any article, except
for the liver cancer incidence, mortality, and esophageal can-
cer incidence studies (Figure S2).

Quality assessment

Study quality assessments were performed by two independ-
ent authors using the NIH score. We modified this tool to fit
better the studies we reviewed (Table S5). We performed a
quality assessment of all studies included in the meta-analy-
sis. Only three studies were considered high quality (Bugge
et al. 2010; Ciocan et al. 2022; Wang et al. 2021), while the
remaining studies were of moderate quality (n=37). The
quality assessment of all studies involved in this meta-anal-
ysis is shown in Table S6.

Discussion

Many studies have linked the risk of gastrointestinal malig-
nancies to occupational silica exposure, but this link hasn’t
always been deemed statistically significant. Therefore, we
conducted a systematic search and quantitatively assessed
this association. According to our findings, occupational
silica exposure may increase the risk of liver, gastric and
esophageal cancers, but there is no statistical association
with pancreatic and colorectal cancers. A recently published
study that systematically analyzed the association between
PM, 5 exposure and gastrointestinal cancer risk similarly
showed that pollutant particle exposure increases the risk

@ Springer

of liver cancer (Pritchett et al. 2022). Although the findings
suggest that occupational silica exposure increases the risk
of liver cancer mortality, the heterogeneity between studies
was high. Using subgroup analysis, we found that the het-
erogeneity between studies was zero after subgroup analysis
based on the year of publication of the literature. The pooled
mortality results for liver cancer have decreased since 2011,
explaining the high heterogeneity of the overall pooled mor-
tality results.

The higher risk of both gastric cancer incidence and mor-
tality among mining workers may be because miners are
most likely to be highly exposed to respirable crystalline
silica (Si et al. 2016). There was no statistical association
between the incidence of gastric cancer and occupational
silica exposure in female and foundry workers. This result
may be because only one study was included when the sub-
group analysis was performed (Hung et al. 2014; Westberg
et al. 2013).

As for the results of the partial subgroup analysis that
found a reduced risk of mortality from esophageal cancer
may be due to the progressive improvement in the prognosis
of esophageal cancer in many countries in recent decades.
Endoscopic procedures have been increasingly used to treat
precancerous and early-stage esophageal cancer (Lagergren
et al. 2017). There is a lack of statistical association between
esophageal cancer incidence and silica exposure in women,
as there is only one relevant study on women (Hung et al.
2014). The same lack of statistical association between
incidence and silica exposure was observed among work-
ers in Europe and North America. This may be due to some
differences in occupational dust exposure limits between
countries, with developed countries having lower occupa-
tional exposure limits for silica than developing countries.
Compared to China, where the occupational exposure limit
for respirable crystalline silica is 0.7 mg/m®, Canada has a
0.05 mg/m? restriction (Vanka et al. 2022).

Pooled results from studies published between 2011 and
2023 found no statistically significant association between
colorectal cancer incidence rates but a significant decrease in
mortality. The increased use of sigmoidoscopy and colonos-
copy in conjunction with polypectomy, which has a 5-year
relative survival rate of over 65% in high-income nations
like the United States, Europe, and Canada, may be to blame
for this (Brenner et al. 2014).

In Europe and North America, there was no significant
association between liver cancer incidence and mortality
and occupational silica exposure, but a significant associa-
tion was found for liver cancer incidence and mortality in
Asia. This is probably attributable to the fact that the occu-
pational exposure limits for silica in developed countries
are lower than those in developing countries (Vanka et al.
2022). A significant association between morbidity and mor-
tality and occupational silica exposure was only found in



International Archives of Occupational and Environmental Health (2024) 97:231-251 249

mine workers, possibly because miners are most likely to
be highly exposed to respirable crystalline silica (Si et al.
2016). Primary liver cancer is not easily detected in its early
stages and has a poor prognosis. As medical conditions have
improved, liver cancer detection techniques as well as prog-
noses have evolved considerably. Thus, occupational silica
exposure was observed unrelated to liver cancer incidence
but associated with mortality from 2001 to 2010, while the
opposite was observed from 2011 to 2023.

One motivation for our review was recognizing a biologi-
cally plausible association between occupational silica expo-
sure and the development of gastrointestinal cancers. There
are a number of possible mechanisms explaining this rela-
tionship. Silicon dioxide can enter the human body through
respiratory inhalation, digestive intake, and skin contact.
Among them, inhalation through breathing is the main route
of human exposure. Silica accumulates most significantly
in the lungs. Silica with a pneumatic diameter of less than
5 pm is more likely to reach the distal airways and alveoli,
and some silica can enter the blood circulation through the
air-blood barrier and reach the organs of the gastrointestinal
tract. The pharynx is a common structure of the respiratory
and digestive systems, and some of the gases may enter the
digestive system by mistake when they enter the respiratory
system (Gross et al. 2008). In addition, it has been found that
occupational dust in the interstitial spaces of fine bronchi
and alveoli can reach the organs of the gastrointestinal tract
through mucus cilia clearance (Munkholm and Mortensen
2014). Zande et al. found that high concentrations of silica
particles are more likely to accumulate in the stomach as
aggregates and are difficult to be digested and absorb by the
body (Zande et al. 2014). Numerous studies have demon-
strated that certain nanoparticles may travel from the pri-
mary exposure locations (such as the lung or gut) to various
secondary organs, including the liver. More than 90% of
the translocated nanoparticles remain in the liver, making
it a secondary exposure site that preferentially accumulates
nanoparticles compared to other organs (Kermanizadeh et al.
2014). Liver damage, aberrant liver metabolism, and liver
fibrosis can all be brought on by amorphous silica nano-
particles. Duan et al. (2018) found that silica nanoparticles
(Si-NPs) caused moderate steatosis and inflammatory cell
infiltration in the liver. Si-NPs prompted hyperlipemia and
hepatic steatosis via the TLR5-signaling pathway. Liver
steatosis and cellular inflammation are the main causes of
cirrhosis and hepatocellular carcinoma in nonalcoholic fatty
liver disease.

This comprehensive review and meta-analysis have vari-
ous advantages, such as the first systematic review of occu-
pational silica exposure and gastrointestinal cancer risk,
and the quality assessment results of all involved literature
were above moderate quality. The primary findings of our
meta-analysis are further supported by the low degree of

heterogeneity in research results, the consistency of results
across subgroups, and the absence of publication bias. The
present study has some limitations. Few of the studies we
included specifically addressed occupational silica exposure
in women (n=3), which also led to some possible bias in
our gender-based subgroup analysis results. Most studies
on occupational silica exposure had focused on respira-
tory diseases and neglected the effect of occupational silica
exposure on gastrointestinal diseases, which also led to the
low number of literatures included in some groups when we
performed subgroup analysis.

Conclusion

We discovered a link between occupational silica exposure
and gastrointestinal malignancies, with cancers of the liver,
stomach, and esophagus being the most prevalent. Colorectal
and pancreatic cancer was not linked to occupational silica
exposure. The carcinogenic effect of silica on the gastroin-
testinal system and its carcinogenic mechanism needs more
studies to confirm.
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