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Abstract

Background Occupational exposure to artificial stone, a popular material used for countertops, can cause
accelerated silicosis, but the precise relationship between silica dose and disease development is unclear.

Objectives This study evaluated the impact of silica exposure on lung function and chest imaging in artificial stone
manufacturing workers.

Methods Questionnaire and spirometry assessments were administered to workers in two plants. A high-exposure
subset underwent further evaluation, including chest CT and DLco. Weighting factors, assigned as proxies for silica
exposure, were based on work tasks. Individual cumulative exposures were estimated using area concentration
measurements and time spent in specific areas. Exposure-response associations were analyzed using linear and
logistic regression models.

Results Among 65 participants, the mean cumulative silica exposure was 3.61 mg/m?3-year (range 0.0001 to 44.4).
Fach 1 mg/m3-year increase was associated with a 0.46% reduction in FVC, a 0.45% reduction in FEV1, and increased
lung function abnormality risk @OR=1.27, 95% Cl=1.03-1.56). Weighting factors correlated with cumulative
exposures (Spearman correlation=0.59, p <0.0001), and weighted tenure was associated with lung function
abnormalities @OR=1.04, 95% CI=1.01-1.09). Of 37 high-exposure workers, 19 underwent chest CT, with 12 (63%)
showing abnormal opacities. Combining respiratory symptoms, lung function, and chest X-ray achieved 91.7%
sensitivity and 75% specificity for predicting chest CT abnormalities.

Conclusion Lung function and chest CT abnormalities occur commonly in artificial stone workers. For high-exposure
individuals, abnormalities on health screening could prompt further chest CT examination to facilitate early silicosis
detection.

Keywords Artificial stone, Exposure, Respiratory symptoms, Lung function, Chest CT, Diffusion capacity

*Correspondence:
Yue Leon Guo
leonguo@ntu.edu.tw

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12940-024-01067-1&domain=pdf&date_stamp=2024-3-1

Chen et al. Environmental Health (2024) 23:25

Introduction

Artificial stone (AS), also known as engineered stone or
quartz conglomerate, is a relatively new compound fre-
quently used for kitchen and bathroom countertops due
to its aesthetic appeal and lower cost compared with nat-
ural stone [1, 2]. AS is produced by solidifying a mixture
of crushed stone and resin through a heating process.
It typically contains more than 90% silica, significantly
higher than natural stones such as marble (3%) and gran-
ite (30%) [3]. The processes involved in manufacturing,
fabricating, and in-home installation of AS slabs, includ-
ing mixing, cutting, grinding, polishing, and drilling, all
result in workers being exposed to high levels of respira-
ble crystalline silica (RCS).

Since 2010, AS-related silicosis cases have emerged
globally, including in Spain [4-10], Israel [11, 12], Italy
[10, 13], Australia [10, 14-19], Belgium [20], the United
States [10, 21-24], and China [25, 26]. Respiratory sur-
veillance programs have uncovered a high prevalence of
silicosis among AS workers, with rates as high as 55%
[5] and 21% [9] in Spain, 12% [16] and 28.2% [27] in
Australia, and 12% in the United States [24]. In Israel,
AS-related silicosis has increasingly required lung trans-
plantation [11]. Numerous cases have demonstrated
disease onset occurring within 10 years of exposure, indi-
cating accelerated silicosis [1, 6-10, 17, 22, 25, 26]. Fol-
low-up studies have documented a rapid decline in lung
function [1]. Progressive deterioration of lung function
and chest imaging have been observed even after cessa-
tion of exposure [8]. It remains unclear whether the high
concentration of silica itself or interactions with metallic
(pigments) [28] or organic (e.g., resin and curing agents)
[29] components lead to a more aggressive disease course
compared to natural stone silicosis. Based on prior path-
ological studies in coal miners, exposure to high con-
centrations of silica continue to be a pivotal factor in the
development of rapidly progressive pneumoconiosis [30].

In the past five years, three cases of AS-related accel-
erated silicosis have been reported to the Occupational
Injury and Disease Reporting System in Taiwan (https://
nodis.osha.gov.tw/). Of these cases, one patient under-
went a successful lung transplant, while another died
from early infection following transplantation. The third
patient passed away while waiting for a suitable donor.
These sentinel cases highlighted the pressing need for a
respiratory surveillance or case-finding program in Tai-
wan, as well other countries using artificial stone.

The evaluation of respiratory symptoms, spirometry,
and chest X-ray (CXR) are standard approaches used in
the health surveillance of individuals exposed to dust.
Given the superior sensitivity of low-dose chest com-
puted tomography (CT) compared to CXR in silico-
sis detection, this has been recommended as a valuable
addition for the early silicosis detection in high-risk
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populations [31, 32]. Health screenings for AS work-
ers in Australia has been updated to incorporate chest
CT scans, because studies have confirmed that 43% of
diagnosed silicosis cases will have normal CXR find-
ings [17]. Chest CT scans can detect early-stage silicosis,
such as category 0 in the International Labour Organiza-
tion (ILO) classification, even when CXR is normal. A
Spanish study tracking silicosis patients four years after
exposure cessation demonstrated a gradient of progres-
sion to progressive massive fibrosis (PMF) between dif-
ferent ILO categories. Categories 0 to 3 developed PMF
in 6.3%, 22.2%, 47.4%, and 66.7% of cases respectively
over a period of four years, highlighting the need for early
diagnosis [8]. However, defining at-risk populations and
determining when to implement chest CT scanning have
not been standardized. The Queensland official guideline
considers workers who have been performing dry cut-
ting for more than one year or wet cutting for more than
three years as at high risk, indicating the need for chest
CT [33]. Employment duration may not fully capture
risk differences resulting from different cumulative expo-
sures. To date, no study has yet linked actual RCS con-
centrations with lung function or chest imaging changes
in AS workers. Addressing this knowledge gap should
facilitate advances in health prevention and add to the
evidence base of respiratory surveillance programs [3].
Therefore, we conducted a field study at two AS manu-
facturing plants in Taiwan to investigate the relationship
between RCS exposure concentrations and the develop-
ment of respiratory disease.

Methods

Design and study population

In October 2022, we conducted a cross-sectional study
on the respiratory health of workers at two artificial stone
manufacturing plants (Plant A and B). To our knowledge,
there were at least five artificial quartz stone manufactur-
ing plants in Taiwan. Following a recent case of reported
silicosis at one of these manufacturing plants, we invited
this particular plant and a neighbouring plant to partici-
pate in our study. These industries employ 68 individuals.
During the invitation process, all employees were invited
to participate and were given up to three weeks to con-
sider their participation, during which we held an infor-
mational session to address any questions or concerns
they might have about the study. Recruitment was done
with company cooperation, and informed consent was
obtained. Approved by the National Taiwan University
Hospital’s Institutional Review Board, participants filled
out a demographics, work history, and respiratory symp-
toms questionnaire and underwent pre-shift spirometry
based on ATS/ERS standards. Workers were allowed to
participate voluntarily, with the assurance that their deci-
sion would not affect their employment rights.
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Owing to budget limitations, only 20 workers were
provided with chest CT scans, CXR and tests for diffu-
sion capacity for carbon monoxide (DLco) at a tertiary
hospital. Initially, 20 workers from high-exposure levels
were invited, including Raw Material Operator, Cutting
Machine Operator, Grinding Machine Operator, and
Vacuum Press Machine Operator. However, when one
invited Grinding Machine Operator declined the hospi-
tal-based assessments due to concerns about radiation
exposure, we extended an invitation to an administra-
tive supervisor from the Grinding Machine Operation
department instead.

For this study, a time compensation of 100 New Taiwan
Dollars (approximately 3.3 US Dollars) was offered to
those participating in the on-site questionnaire and lung
function tests. Additionally, workers participating in the
hospital-based assessments were provided with an extra
100 New Taiwan Dollars as a transportation allowance.

Questionnaire assessment of job exposure and health

We used a structured questionnaire to evaluate smoking
habits, respiratory symptoms [34], and job details. The
questionnaire, based on Glass et al’s study [19], assessed
time spent handling artificial stone and performing dry
work, assigning weighting factors (WF) to responses as
proxies for RCS dust exposure. Options ranged from “All
artificial stone” (WF=1) to “All natural stone” (WF=0.3)
and from “Never” (WF=1) to “Always” (WF=10) for dry
operations, reflecting their silica content and dust gen-
eration. Weighted tenure, combining WFs and job dura-
tion, estimated cumulative exposure.

Assessment of exposure to respirable crystalline silica

Two occupational physicians and two industrial hygien-
ists conducted a factory walkthrough to identify distinct
manufacturing processes and work areas for RCS expo-
sure assessment. These areas included:

1. Raw Material Unloading: Unloading raw materials
like quartz, resin, and additives.

2. Resin Premixing: Mixing resin with curing and
coupling agents.

3. Artificial Quartz Sand Mixing: Blending resin
mixture with quartz sand and powder.

4. Material Spreading and Pattern Application:
Spreading mix onto molds and pattern drawing.

5. Vacuum Press: Subjecting mix in moulds to vacuum
compression to form solid slabs.

6. Curing: Curing compressed slabs to solidify and
ensure mechanical properties.

7. Cooling: Cooling cured slabs post-mould removal.

8. Cutting: Cutting cooled slabs as per customer
specifications.
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9. Back Grinding: Grinding cut slabs to desired
thickness.

10.Front Grinding: Further grinding slabs, varying by
machinery and speed.

11.Polishing: Polishing ground slabs for a smooth finish.

12.Quality Control: Inspecting polished slabs for
appearance and quality.

Plant A, being larger than Plant B, encompasses all the
aforementioned manufacturing processes. In contrast,
Plant B is limited to the cutting and grinding processes.
We combined workers from similar exposures into simi-
lar exposure groups. For each area, 3—-6 sampling points
were established to collect respirable dust samples, anal-
ysed using X-ray diffraction for the weight concentration
of crystalline silica. Personal exposure concentrations
were calculated based on the time spent in these areas
and expressed as an 8-hour time-weighted average
(TWA). Cumulative exposure was determined by multi-
plying individual exposure levels (8-hour TWA) by ten-
ure, resulting in units of mg/m>-year.

Assessment of forced lung function

Following American Thoracic Society guidelines [35],
participants completed spirometry tests in a seated posi-
tion, performing at least three forced expiratory manoeu-
vres for consistent and smooth flow-volume loops with
less than 5% or 150 ml disparity in lung volume between
the optimal two attempts. Key measures included forced
vital capacity (FVC), forced expiratory volume in one
second (FEV;), and the FEV1/FVC ratio, with the spi-
rometer (SpiroTube, Thor Medical Systems, Hungary)
calibrated using a 3 L syringe. Spirometric results were
classified as obstructive with an FEV1/FVC ratio below
the lower limit of normal (LLN), and restrictive if FVC
was below LLN with a normal FEV1/FVC ratio [36]. Pre-
dicted FVC, FEV1, and LLN for FEV1/FVC and FVC
were based on the Global Lung Initiative 2012 equation,
incorporating ethnic adjustments for South East Asians
[37]. Although employing a fixed FEV1/FVC cut-oft
value of 0.7 may lead to the underdiagnoses of chronic
obstructive pulmonary disease in individuals younger
than 50 years [38], in our data analysis, we utilized addi-
tional clinically common threshold values (0.75 and 0.7)
to evaluate the impact of exposure on the occurrence of
obstructive ventilatory impairment. DLco measurements
were conducted at a hospital according to international
recommendations [39] using the single-breath method
with methane as the tracer gas, with participants abstain-
ing from smoking on the test day. Impairment in diffu-
sion capacity was characterized by a DLco value below
the lower limit of normal (LLN) [36], which was calcu-
lated using the equation provided by the Global Lung Ini-
tiative 2017 equation [40].
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Chest imaging

During their hospital visit, participants received a stan-
dard chest radiograph and a low-dose helical chest CT
scan. Initially, the images were independently interpreted
by a physician specializing in occupational medicine and
a pulmonologist. Subsequently, both specialists collabo-
rated to code the findings using the International Clas-
sification of High-Resolution Computed Tomography for
Occupational and Environmental Respiratory Diseases
(ICOERD) criteria. Sum grades of six lung zones (upper,
middle, and lower of each lung) were calculated for well-
defined rounded opacities (RO), linear and/or irregu-
lar opacities (IR), ground-glass opacities (GGO), and
emphysematous changes (EM).

Statistical analysis

Participants were divided into high and low-exposure
groups using median dust exposure values. Group dif-
ferences in demographics and respiratory symptoms
were analyzed with Chi-square, Fisher’s exact, or Mann-
Whitney tests. Correlation between weighted tenure and
dust exposure concentration was assessed via Spearman’s
analysis, and exposure group consistency was checked
using chi-square. Logistic regression evaluated the link
between exposure and lung function impairment, while
linear regression examined the exposure-response rela-
tionship with pulmonary parameters like FVC and FEV1
percentages. Adjustments were made for factors, includ-
ing age, sex, body mass index, educational attainment,
current smoking habits, past smoking habits, and cumu-
lative smoking amount in pack-years. Educational attain-
ment was included in the model adjustment to account
for potential socioeconomic factors [41] that might influ-
ence lung function [42] and chronic respiratory diseases
[43].

Sensitivity analysis was conducted by running several
models with varying combinations of covariates and
by excluding individuals with any history of smoking.
This approach was taken to assess the robustness and
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reliability of the study’s findings, ensuring that conclu-
sions are consistent across different model specifications.

Sensitivity and specificity were computed to assess the
diagnostic accuracy of several assessment tools, specifi-
cally respiratory symptoms, spirometry, CXR, and DLco,
in detecting opacities defined as an ICOERD sum score
of RO, IR, GGO, and EM of 1 or greater [44], as identi-
fied by chest CT. A positive indication for respiratory
symptoms was assigned if the response to any question
regarding respiratory symptoms was “yes” Addition-
ally, the diagnostic accuracy of different combinations of
assessment tools was analysed. In these combinations,
a positive result was determined if any of the methods
identified an abnormality.

The statistical significance threshold was set at a Pvalue
of less than 0.05.

Results
Of the 68 workers invited to participate in the study, 65
provided their consent (57 from Plant A, 8 from Plant B).
Among the three individuals who declined participation,
all were employed at Plant A; one held an administrative
staff position, while the remaining two were engaged in
sales roles. The administrative staff member declined due
to recent health examination and lacking of respiratory
symptoms. The two sales persons refused to participate
and attributed their non-participation to schedule con-
flicts between the health assessments and their outing
for business. Table 1S summarizes the demographics and
health conditions of workers from both plants, show-
ing no significant differences in demographics or tenure,
except for a lower proportion of higher-educated work-
ers at Plant B, due to more administrative staff at Plant A.
Health outcomes, including respiratory symptoms, lung
function abnormalities, and chest CT results, were also
similar across both plants.

The mean age of the participants was 42 years. They
were divided into nine groups based on job titles and
work patterns. Table 1 shows respirable silica dust

Table 1 The distribution of respirable free silica dust exposure and assignment of weighting factors among workers with various job

titles
Job title RCS level (mg/m3)* Weighting factor

Number Mean Minimum Maximum Mean Minimum Maximum
Administration 15 0.001 0.001 0.001 0.96 03 1.5
Research and Development 4 0.001 0.001 0.001 263 1 45
Quality Control 2 0.029 0.001 0.056 0.9 0.3 1.5
Vacuum Press Machine Operator 4 0.175 0.099 0.2 45 15 7.5
Facility Management 15 0325 0.001 0.622 2.13 0.6 10
Grinding Machine Operator 8 0.449 0.168 0.767 4.88 3 7.5
Operations Supervisor 4 0.57 0415 0.622 5 1 10
Cutting Machine Operator 3 0.587 0.587 0.587 3.92 0.75 8
Raw Material Operator 10 2.878 027 4.44 7.8 4 10

*RCS levels were expressed as an 8-hour time-weighted average (TWA).
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exposure and weighting factors for each group. Raw
Material Operators, handling material unloading
and mixing, had the highest exposure. Vacuum Press
Machine Operators primarily managed the press and
assisted in other areas like material spreading, pat-
tern application area, curing area, and cooling. Cutting
Machine Operators worked with waterjet cutters and
helped in cooling, while Grinding Machine Operators
used water-suppressed grinding or polishing machines.
Facility Management maintained factory machinery,
Operations Supervisors oversaw operations, Quality
Control conducted product inspections in the end-of-
line area, and Administration and Research and Develop-
ment staff worked in offices.

Participants were divided into low and high expo-
sure groups according to a median RCS exposure level
of 0.168 mg/m® (8-hour TWA). The low and high expo-
sure groups were exposed to mean RCS concentrations

Table 2 Comparison of basic characteristics, job exposure, and
protective equipment usage between low and high respirable
crystalline silica exposure groups

Low High Pvalue
exposure exposure
n=28 n=37
Age, mean=+SD, yr 440+140 399+9.2 0.153
Male, n (%) 16 (57.1) 35(94.6) 0.0003
Body mass index, mean +SD 246+42  266+49 0.126
Education attainment >=13 yrs, 23 (82.1) 18 (48.7) 0.006
n (%)
Tobacco smoking, n (%) 0.051
Never 19 (67.9) 20 (54.1)
Ex-smoker 0(0) 7(189)
Current smoker 9(32.1) 10 (27.0)
Cumulative smoking amount, 91+103 74+85 0.699
mean +SD, pack*yr
Tenure, year, mean+SD 6.0+6.8 6.0+43 0.989
Weighting factor, mean +SD 1.3+09 51+32 <0.0001
Weighting factor>median (2), n 4(12.1) 29(87.9) <0.0001
(%)
Weighted tenure, mean+SD, year  69+10.1  266+209 <0.0001
Cumulative RCS exposure, 0.15+033 6.23+9.06 <0.0001
mean+SD, mg/m?3-year
Best respiratory PPE used at work <0.0001
No or regular flat mask, n (%) 3(10.7) 127
N95, n (%) 18 (64.3) 5(13.5)
Half-face mask, n (%) 2(7.1) 10(27.0)
Full-face mask, n (%) 2(7.1) 15 (40.5)
PAPR, n (%) 3(10.7) 6(16.2)
Fit test experience, n (%) 0(0) 8(21.6) 0.008

Abbreviations: PAPR, powered air-purifying respirator; PPE, personal protective
equipment; RCS, respirable crystalline silica; SD, standard deviation

Cumulative smoking amount was only calculated for people ever having
smoking habits

pvalues were calculated by for Chi-square Fisher’s exact test, or Mann-Whitney
test
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of 0.02 mg/m® and 1.12 mg/m?, respectively. The aver-
age cumulative exposures for these groups were 0.15 mg/
m®-year and 6.23 mg/m>-year, respectively. For all par-
ticipants, the mean cumulative exposure to RCS was
3.61 mg/m*-year, with a geometric mean of 0.22 mg/
m?-year. The high exposure group had more male work-
ers and lower education levels (Table 2). A strong cor-
relation (Spearman correlation=0.59, P<0.0001) was
found between questionnaire-derived weighting factors
and RCS exposure, with a similar correlation noted for
cumulative exposure, as illustrated in Figure 1. Classifi-
cation concordance between RCS and weighting factors
was high (Chi-square P<0.0001), with 29 and 24 partici-
pants consistently categorized into high and low expo-
sure groups in both methods.

Regarding the usage of respiratory protective equip-
ment, the high exposure group workers reported
employing equipment with superior filtration efficiency.
However, on-site visits revealed that only a small fraction
of workers were correctly utilizing respiratory protective
equipment (RPE). Only 22% of workers in the high expo-
sure group reported having undergone fit testing for their
RPE.

High exposure workers reported more chronic phlegm
production (16% vs. 0% in low exposure, P=0.033) and
had lower FVC and FEV1, with more ventilatory impair-
ments (32% vs. 4% in low exposure, P=0.008) (Table 3).
Multivariable logistic regression showed an increasing
exposure-response relationship, with higher adjusted
odds ratios (aOR) for greater exposure levels (aOR, 1.27;
95% CI, 1.03-1.56 per mg/m>-year for silica, and aOR,
1.04; 95% CI, 1.01-1.09 per year for weighted tenure)
(Table 4). Using stricter FEV1/FVC ratio cut-offs (0.75
and 0.7) weakened the association between cumula-
tive RCS exposure and obstructive ventilatory defects,
with aORs of 1.05 (95% CI, 0.96-1.16) and 0.99 (95%
CL 0.77-1.28) per mg/m®-year, respectively, compared
to the LLN approach (aOR, 1.07; 95% CI, 0.98-1.18 per
mg/m®-year) (Table 4). Linear regression indicated that
each 1 mg/m®-year increase in exposure reduced FVC
and FEV1 by 0.44% (95% CI, -0.88—0.05) and 0.45% (95%
CI, -0.81-0.08), respectively (Table 5). This effect size
equates to a decrease of 24 ml in FVC and 20 ml in FEV1.
Sensitivity analyses revealed that the results remained
consistent, irrespective of whether the regression model
was adjusted for educational attainment and smok-
ing status (Tables 6 and 7). In the subgroup analysis of
never smokers, the magnitude of the association between
cumulative RCS exposure and obstructive ventilatory
abnormalities diminished (aOR, 1.00; 95% CI, 0.88—-1.22
per mg/m3-year).

A total of 20 participants, including one from the
low-exposure group and 19 from the high-exposure
group, underwent DLco and chest imaging at a hospital.
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Fig. 1 Scatter plot of weighted tenure in years (x-axis) and cumulative silica exposure in mg/m?>-year (y-axis) among the study participants (Spearman’s
correlation coefficient=0.69, P<0.0001). Each data point represents the cumulative exposure level of an individual worker. The regression line shows the
positive association between weighted tenure and cumulative silica exposure (Estimated coefficient=0.19, P<0.0001)

Table 3 Pre- and post-shift lung function in laminators and non-laminators

Low exposure High exposure Pvalue
n=28 n=37
Respiratory symptoms, n (%)
Morning cough in winter 6(214) 7(10.8) 0.306
Coughing throughout the day in winter 8(28.6) 6(16.2) 0.230
Cough >3 months per year 4(14.3) 5(13.5) 1.000
Morning phlegm in winter 1(3.6) 8(21.6) 0.067
Coughing up phlegm throughout the day in winter 2(7.1) 5(13.5) 0.689
Phlegm >3 months per year 0(0) 6(16.2) 0.033
Having a period of cough and phlegm lasting >3 weeks in the past 3 years 7 (25.0) 8(21.6) 0.749
Having > 1 periods of cough and phlegm lasting > 3 weeks in the past 3 years 1(3.6) 7(18.9) 0.124
Breathlessness 3(10.7) 7(189) 0495
Wheezing in the past one year 0(0) 2 (54) 0.502
Shortness of breath with wheezing 0(0) 2(54) 0.502
Spirometry testing
FVC, mean=+SD, % of prediction 98.3+10.8 889+123 0.002
FEV1, mean +SD, % of prediction 90.5+86 794+108 <0.0001
FEV1/FVC, mean=+SD, % 843+506 81.1+£7.1 0.053
Obstructive, n (%) 0(0) 6(16.2) 0.033
Restrictive, n (%) 1(3.6) 6(16.2) 0.130

Obstructive or restrictive, n (%) 1(3.6) 12 (32.4) 0.004
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Table 4 Logistic regression analysis for the association between cumulative respiratory silica exposure and ventilatory disorders

Cumulative RCS exposure (mg/m3 X year) Weighted tenure (year)

aOR 95% C.I. pvalue aOR 95% C.I. pvalue
Using LLN as the cutoff values for FEV1/FVC
Obstructive(LLN) 1.07 (0.98-1.18) 0.133 1.06 (0.99-1.12) 0.09
Restrictive(LLN) 1.21 (0.98-1.50) 0.081 1.05 (0.99-1.11) 0.124
Obstructive(LLN) or restrictive(LLN) 127 (1.03-1.56) 0.022 1.04 (1.01-1.09) 0.026
Using 0.75 as the cutoff value for FEV1/FVC
Obstructive(0.75) 1.05 (0.96-1.16) 0.296 1.02 (0.97-1.07) 041
Restrictive(0.75) 1.21 (0.98-1.50) 0.081 1.04 (0.99-1.11) 0.124
Obstructive(0.75) or restrictive(0.75) 1.17 (1.01-1.35) 0.031 1.03 (0.99-1.07) 0.096
Using 0.70 as the cutoff value for FEV1/FVC
Obstructive(0.70) 0.99 (0.77-1.28) 0952 1.14 (0.94-1.37) 0.187
Restrictive(0.70) 1.21 (0.98-1.50) 0.081 1.05 (0.99-1.11) 0.124
Obstructive(0.70) or restrictive(0.70) 1.13 (0.98-1.32) 0.096 1.06 (1.00-1.12) 0.036

1. Obstructive: FEV1/FVC< cutoff values (LLN, 0.75, or 0.70)
2. Restrictive: FVC<LLN & FEV1/FVC>=cutoff values (LLN, 0.75, or 0.70)

3. Models were adjusted for age, sex, body mass index, education, current smoking, ex-smoking, and cumulative smoking amount

Table 5 Linear regression analysis for the association between cumulative respiratory silica exposure and lung function indices

Cumulative RCS exposure (mg/m? x year) Weighted tenure (year)

Coefficient 95% C.I. Pvalue Coefficient 95% C.I. Pvalue
FVC, % of prediction -046 (-0.88-0.05) 0.03 -0.11 (-0.29-0.07) 0.238
FEV1, % of prediction -045 (-0.81-0.08) 0.018 -0.12 (-0.28-0.05) 0.155
FEV1/FVC, % -0.006 (-0.24-0.23) 0.957 -0.03 (-0.13-0.07) 0.592

Models were adjusted for age, sex, body mass index, education, current smoking, ex-smoking, and cumulative smoking amount

Table 6 Sensitivity analysis of the association between cumulative respiratory silica exposure and ventilatory disorders using logistic
regression

Cumulative RCS exposure (mg/m3 X year) Weighted tenure (year)

aOR 95% C.I. pvalue aOR 95% C.l. pvalue
Model 1
Obstructive 1.08 (0.99-1.17) 0.086 1.03 (0.99-1.08) 0.122
Restrictive 1.09 (0.99-1.20) 0.065 1.03 (0.99-1.08) 0.105
Obstructive or restrictive 1.25 (1.05-1.49) 0.013 1.04 (1.01-1.08) 0.019
Model 2
Obstructive 1.08 (0.99-1.18) 0.075 1.05 (1.00-1.11) 0.056
Restrictive 1.09 (0.99-1.20) 0.067 1.03 (0.99-1.08) 0.106
Obstructive or restrictive 127 (1.06-1.52) 0.011 1.05 (1.01-1.10) 0.01
Model 3
Obstructive 1.08 (0.99-1.19) 0.072 1.06 (1.00-1.12) 0.049
Restrictive 1.09 (0.99-1.20) 0.089 1.03 (0.98-1.08) 0.182
Obstructive or restrictive 1.26 (1.06-1.51) 0.011 1.05 (1.01-1.10) 0.012
Model 4 (Never smokers)
Obstructive 1.00 (0.82-1.22) 0.970 - - -
Restrictive 1.10 (0.90-1.35) 0.339 1.02 (0.96-1.08) 0.587
Obstructive or restrictive 1.13 (0.89-1.43) 0320 1.07 (1.00-1.13) 0.041

1. Obstructive: FEV1/FVC<LLN

2. Restrictive: FVC<LLN & FEV1/FVC>=LLN

3. Analyses of Model1 were adjusted for age, sex, body mass index

4. Analyses of Model2 were adjusted for age, sex, body mass index, education

5. Analyses of Model3 were adjusted for age, sex, body mass index, education, current smoking

6. Analyses of Model4 only included never smokers and were adjusted for age, sex, body mass index, education
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Table 7 Sensitivity analysis of the association between cumulative respiratory silica exposure and lung function indices using linear

regression

Cumulative RCS exposure (mg/m3 x year) Weighted tenure (year)

Coefficient 95% C.I. pvalue Coefficient 95% C.l. pvalue
Model1
FVC, % of prediction -043 (-0.83-0.03) 0.037 -0.11 (-0.26-0.05) 0.188
FEV1, % of prediction -0.46 (-0.81-0.11) 0.01 -0.13 (-0.27-0.01) 0.059
FEV1/FVC, % -0.04 (-0.26-0.19) 0.748 -0.04 (-0.12-0.05) 0403
Model2
FVC, % of prediction -04 (-0.80-0.00) 0.051 -0.08 (-0.25-0.09) 0.352
FEV1, % of prediction -043 (-0.77-0.08) 0.016 -0.11 (-0.25-0.04) 0.154
FEV1/FVC, % -0.03 (-0.26-0.19) 0.788 -0.03 (-0.12-0.06) 0.469
Model3
FVC, % of prediction -0.39 (-0.80-0.02) 0.059 -0.07 (-0.25-0.11) 0417
FEV1, % of prediction -043 (-0.79-0.08) 0.016 -0.11 (-0.27-0.04) 0.146
FEV1/FVC, % -0.04 (-0.27-0.19) 0.737 -0.04 (-0.14-0.05) 0.359
Model 4 (Never smokers)
FVC, % of prediction -0.60 (-1.21-0.01) 0.052 -0.05 (-0.31-0.21) 0.709
FEV1, % of prediction -049 (-0.99-0.01) 0.054 -0.12 (-0.33-0.10) 0272
FEV1/FVC, % 0.06 (-0.27-0.39) 0.722 -0.09 (-0.22-0.05) 0.198

1. Analyses of Model 1 were adjusted for age, sex, body mass index

2. Analyses of Model 2 were adjusted for age, sex, body mass index, education

3. Analyses of Model 3 were adjusted for age, sex, body mass index, education, current smoking

4. Analyses of Model 4 only included never smokers and were adjusted for age, sex, body mass index, education

Table 8 Linear regression analysis for the association between current and cumulative respiratory silica exposure and diffusion

capacity of lung

Current RCS exposure (mg/m3)

Cumulative RCS exposure (mg/m3-year)

Coefficient 95% C.I. Pvalue Coefficient 95% C.I. Pvalue
Dlco % of prediction -3.52 (-6.73-0.30) 0.035 -044 (-0.91-0.04) 0.067
Dlco/VA % of prediction -2.19 (-5.85-1.46) 0.214 -0.23 (-0.76-0.299) 0.359

Models were adjusted for age, sex, body mass index, education, current smoking, ex-smoking, and cumulative smoking amount

Supplementary Table 2 S provides a comprehensive sum-
mary of the test data for these participants. Of these 20
participants, nine showed mild DLco reduction and nine
had abnormal spirometry, with five of those with normal
spirometry also showing DLco reduction. DLco nega-
tively correlated with round and ground glass opacities
(Spearman correlation —0.529 and —0.488, with P-values
of 0.016 and 0.029, respectively). Linear regression indi-
cated a -3.52% (95% CI, -6.73-0.30) reduction in DLco
per 1 mg/m® current RCS exposure increase (Table 8).

In the high-exposure group (S2~S20 in Supplemen-
tary Table 2 S), 63% (12 out of 19) showed CT abnor-
malities exceeding one grading score of ICOERD, while
only 11% (2 of 19) had abnormalities on CXR, high-
lighting CT’s greater sensitivity. CT findings included
rounded, irregular, and ground glass opacities, emphy-
sema, large opacities, and subpleural lines. Among those
with CT opacities, the lowest cumulative RCS exposure
concentration was 0.67 mg/m®year (median=6.84,
range=0.67-44.4, interquartile range=1.09-21.09). The
shortest employment duration was 3 years (median=5,
range=3-16, interquartile range=4-6), and the

shortest weighted tenure was 12 years (median=36,
range=12-60, interquartile range=21-48).

Table 9 shows the sensitivity and specificity of clinical
methods for detecting CT opacities as defined by ICO-
ERD. In predicting all CT opacities, symptom assessment
alone had 58.3% sensitivity and 75% specificity, while spi-
rometry showed higher sensitivity (66.7%) and specific-
ity (87.5%). CXR had the lowest sensitivity (16.7%) but
100% specificity. DLco had 41.7% sensitivity and 50%
specificity. Combining symptom assessment and spi-
rometry reached the highest sensitivity (91.7%) with 75%
specificity. Adding DLco maintained the same sensitivity
but lowered specificity to 37.5%. Sensitivity for predict-
ing round opacities was similar at 88.9%, with a slightly
higher sensitivity for detecting ground-glass opacities at
100%.

Discussion

This study establishes the association between cumula-
tive exposure to respirable crystalline silica in artificial
stone workers and lung function and imaging changes.
Increased exposure leads to more ventilatory dysfunction
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Table 9 Sensitivity and specificity of various combinations of clinical methods as comparing to silicosis defined as chest CT detected

opacities
All CT opacities Only RO Only GGO
Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
Any clinical abnormality
Symptom 583 75.0 444 54.6 66.7 72.7
Spirometry 66.7 87.5 66.7 72.7 66.7 72.7
CXR 16.7 100 222 100 222 100
Dlco 41.7 50 55.6 63.6 556 63.6
Symptom + Spirometry 91.7 750 889 54.6 100 63.6
Spirometry +CXR 75.0 87.5 77.8 72.7 77.8 72.7
Spirometry +Dlco 75.0 375 778 364 778 364
Symptom +Spirometry + CXR 91.7 750 889 54.6 100 63.6
Symptom + Spirometry +Dlco 91.7 375 88.9 273 100 364
Symptom + Spirometry + CXR+Dlco 91.7 37.5 88.9 27.3 100 364

All CT opacities includes round, irregular, ground glass, and large opacities
RO: round opacities; GGO: ground glass opacities

and reduced lung function and DLco. Among 19 highly
exposed workers, 63% showed CT opacities and 53% had
employment duration less than 10 years (3 years in the
shortest one), indicating possible accelerated silicosis.
CT findings included nodules, ground glass opacities,
and interstitial lines. Combining respiratory symptoms,
lung function, and chest X-ray provided good sensitivity
(91.7%) and specificity (75%) for the prediction of chest
CT abnormalities. Weighting factors from question-
naires, used to estimate cumulative exposure, correlated
well with exposure levels and lung function impacts.

Our research highlights considerable RCS exposure
during raw material mixing, with a mean 8-hour TWA
of 2.878 mg/m?®, paralleling exposures seen in artificial
stone fabrication using handheld power tools under dry
conditions (approximately 1.3 to 3.9 mg/m?®) [45]. In con-
trast, operations involving grinding and cutting machines
in our study, in which wet methods were used, showed
exposure levels (0.168 to 0.767 mg/m®) aligning with
those in workshops using both dry and wet techniques
(around 0.1 to 1.0 mg/m?®) [45, 46]. A prior simulation of
workplace conditions revealed that dry cutting artificial
stone with a handheld circular saw could generate RCS
concentrations up to 44.6 mg/m®. Introducing water to
wet the saw blade brought this down tenfold to 4.934 mg/
m?®, and further reductions to 0.604 mg/m?® were achieved
by combining the use of a wetted blade with local exhaust
ventilation [47].

The mean RCS exposure level observed in this artifi-
cial stone manufacturing industry, at 0.647 mg/m? sur-
passes those reported in other industries. For instance, in
Iran, occupational RCS exposure levels have been docu-
mented to range from 0.12 mg/m”® in glass manufacturing
to 0.24 mg/m® in cement manufacturing, 0.25 mg/m® in
both asphalt manufacturing and brick production [48].
Meanwhile, in Denmark, average RCS exposures were

recorded at 0.013 mg/m?® in fabricated metal products
manufacturing, 0.069 mg/m?® in basic metals manufac-
turing, and 0.072 mg/m® in the manufacturing of non-
metallic mineral products [49]. Similarly, in Italy, mean
RCS exposure levels were noted at 0.013 mg/m? in basic
metals manufacturing and 0.053 mg/m® in the manufac-
turing of non-metallic mineral products [50].

In this study, silica exposure correlated with lung func-
tion decline, with a 0.45% (20 ml) FEV1 decrease per mg/
m?-year increase, similar to Méhner et al's uranium min-
ing study [51]. While the mean RCS exposure (0.074 mg/
m®) and cumulative RCS exposure (0.579 mg/m?>-year)
in Mohner et al's research were lower than those in our
study, the employment duration in their study (12.8
years) was twice as long as in ours (6 years). This dis-
crepancy indicates a more rapid pulmonary response in
situations of elevated exposure. The decline rate equalled
the lung impact of smoking two pack-years [52]. Nota-
bly, after quitting smoking, the annual FEV1 decline
decreased from 40 ml to 35 ml per year [53]. In contrast,
even after exposure cessation, artificial stone silicosis led
to a greater annual FEV1 decline (53—-113 ml) [8] than the
decline observed in non-smokers (30 ml) [53].

The logistic regression showed increasing risk trend for
either obstructive or restrictive ventilatory defects with
more silica exposure, affecting FVC and FEV1 but not
the FEV1/FVC ratio. This suggests combined effects on
both airways and lung parenchyma. Studies with lower
exposure (0.57 mg/m>-year in average) [54] or without
silicosis radiographic changes [55] linked silica expo-
sure to FEV1/FVC ratio reduction. Our study’s higher
exposure levels likely resulted in more interstitial lung
changes, thereby highlighting the role of restrictive ven-
tilatory defects. In the subgroup analysis, the association
between obstructive ventilatory response and RCS expo-
sure was not observed in workers who had never smoked.
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This suggests that the observed obstructive effect may
not be directly attributable to RCS exposure but could
be influenced by smoking, exposure to non-silica dust, or
the synergistic effects of smoking and dust exposure.
DLco negatively correlated with the sum scores of
round and ground glass opacities, significantly lower in
workers exhibiting large opacities. Previous studies link
severe silicosis-related CT abnormalities to lower DLco
[56], especially with progressive massive fibrosis [10].
Recent research used work tenure to predict exposure to
engineered stone dust, finding DLco abnormalities more
likely with longer tenure [10, 19]. Our study shows a clear
link between silica exposure and DLco, suggesting its
potential as a biomarker for artificial stone dust exposure.
Chest CT, with its high sensitivity for detecting lung
changes, is considered suitable for the early diagno-
sis of silicosis [31]. The importance of early detection
of silicosis is highlighted by Ledn-Jiménez et al’s study,
which found that artificial stone workers, initially diag-
nosed with ILO category O silicosis, exhibited progres-
sion to categories 1 (42%) and 2 (21%), and some even
to PMF (5%), within four years of ceasing exposure [8].
Patients with ILO category O silicosis present normal
CXR but show relevant opacities on chest CT. The diag-
nosis of silicosis relies on documented exposure history
and relevant imaging findings. Workers exposed to RCS
who have normal CXR results during health screenings
are not typically diagnosed with silicosis, despite pos-
sibly exhibiting mild respiratory symptoms or pulmo-
nary function abnormalities. Consequently, this often
results in unawareness of occupational health risks and
a lack of practical industrial hygiene and preventive mea-
sures. However, the possibility of false positive chest CT
opacities should be considered [57]. Non-occupational
lung diseases can mimic the CT imaging characteris-
tics of artificial stone silicosis; for instance, tuberculosis
and sarcoidosis might present with small round opaci-
ties and lymph node enlargement, while hypersensitivity
pneumonitis and infections could lead to ground-glass
opacities, and autoimmune diseases might manifest as
irregular opacities [29]. Therefore, an accurate diagnosis
of silicosis relies on a comprehensive clinical assessment
and careful differential diagnosis of CT imaging findings.
In this study, 63% of highly exposed workers had
abnormal CT opacities, similar to a Spanish family-
owned factory survey [7]. In contrast, a U.S. study using
chest X-rays reported a 12% prevalence [24]. The lowest
observed adverse effect level for CT abnormalities in this
study was 0.168 mg/m® and 0.672 mg/m>-year, suggest-
ing the utility of CT above this exposure level. However,
an Israeli study highlighted silicosis cases at even lower
exposures (0.02 mg/m® and 0.34 mg/m®-year) [58], indi-
cating potential risks at lower levels. Consequently, the
implementation of CT screening necessitates a careful

Page 10 of 13

evaluation of its costs, associated risks of radiation and
unnecessary medical intervention, and the added diag-
nostic value. This underscores the need for further
research to assess the cost-effectiveness of employing
chest CT screening among workers exposed to high RCS
levels.

The utility of spirometry and chest X ray in the moni-
toring workers with lower levels of AS exposure remains
to be demonstrated [27]. Our analysis of sensitivity and
specificity suggests that when aiming to detect chest
CT abnormalities in workers with high exposure, pri-
ority could be given to those with abnormalities identi-
fied through respiratory questionnaires, spirometry, or
CXR. A recent study categorized simple silicosis based
on the presence of round opacities on chest CT in artifi-
cial stone workers [27]. In our research, 9 out of 19 (47%)
workers with high exposure exhibited round opacities
on chest CT, which could be considered as more defini-
tive cases of simple silicosis. The accuracy of combined
results from other clinical methods showed similar preci-
sion in identifying all types of opacities and specifically
round opacities. The addition of DLco measurement did
not enhance predictive accuracy and even reduced speci-
ficity. This reduction in specificity may be related to the
inherently higher test variability associated with diffusion
capacity assessments. Small inaccuracies in measuring
inspiratory flows or exhaled gas concentrations can lead
to significant errors in DLco [36]. Normal variations in
DLco can reach approximately 7% within a day and up to
19% from week to week [36].

Glass et al. created a questionnaire-based method to
assign weighting factors for estimating cumulative silica
exposure [19]. They linked increased weighted tenure to
higher risks for dyspnea and abnormalities in chest X-ray,
spirometry, and DLco. Our study confirms a significant
correlation between weighted tenure and both silica
exposure and lung function abnormalities. This supports
using weighting factors in large-scale epidemiological
studies or respiratory health monitoring.

Following surveillance, industrial hygiene control mea-
sures were implemented, including training on proper
respiratory PPE use, fit testing, enhancing ventilation for
quartz storage and mixers, isolating mixing areas, and
relocating control panels outside these areas. The par-
ticipants received personal health reports and guidance
concerning health findings, including referral to nearby
medical facilities if desired. Workers’ rights were also
communicated. In Taiwan, the workers with occupational
diseases are protected under the Labor Occupational
Accident Insurance and Protection Act, which allows
them to seek compensation for medical expenses, sick
leave, disability, and mortality. This regulation also pro-
hibits employers from dismissing workers who are diag-
nosed with occupational diseases.
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Our study’s strengths lie in combining silica exposure
assessment and health surveillance, and recruiting work-
ers with varying exposure levels, enhancing the expo-
sure-response relationship analysis. Conducting chest
CT scans on highly exposed workers helped identify
early lung changes due to silica and evaluate the efficacy
of different clinical methods for diagnosing silica-related
respiratory effects.

Our study’s small sample size limits its representative-
ness to all artificial stone workers. Unlike prior studies on
slab fabricators and countertop installers, we focused on
artificial stone manufacturing, examining high exposure
in dry stone dust and resin mixing, and moderate expo-
sure in wet slab cutting and grinding. This unique focus
highlights the unexplored health impacts in this sector.
Additionally, our cross-sectional design limits causal
conclusions. Despite controlling for factors like smok-
ing habits and cumulative exposure, the healthy worker
effect may have underestimated the exposure-response
relationship.

In conclusion, our study links silica exposure in artifi-
cial stone manufacturing to decreased lung function and
more ventilatory abnormalities, with abnormal chest CT
opacities frequent in highly exposed workers. Individu-
als with positive respiratory questionnaires, spirometry,
or chest X-rays could be considered a priority for chest
CT. The short exposure time and low lowest observable
adverse effect level (LOAEL) for CT abnormalities high-
lights the need for early CT scanning and ongoing health
monitoring. Where workplace silica data is lacking, ques-
tionnaire-based weighting factors may serve as a surro-
gate for exposure assessment.

Abbreviations

aOR Adjusted odds ratios

AS Artificial stone

cT Computed tomography

CXR Chest X-ray

DLco Diffusion capacity for carbon monoxide
EM Emphysematous changes

FEV1 Forced expiratory volume in one second
FVC Forced vital capacity

GGO Ground-glass opacities

ICOERD  The International Classification of High-Resolution Computed
Tomography for Occupational and Environmental Respiratory
Diseases

R Linear and/or irregular opacities,

LLN Lower limit of normal

RCS Respirable crystalline silica

RO Well-defined rounded opacities,

RPE Respiratory protective equipment

TWA Time-weighted average

WF Weighting factor

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512940-024-01067-1.

[ Supplementary Material 1 ]

Page 11 of 13

Acknowledgements
We extend our gratitude to all the workers who participated in this study and
to the staff of the organizations that assisted in the research.

Author contributions

CH.C. and Y.L.G. made substantial contributions to the design, acquisition,
analysis, and interpretation of the data, and to drafting the work. PJ.T. and
WW.C. were instrumental in providing exposure assessment. All authors have
critically revised the work for intellectual content, have given approval of the
final version, and are accountable for the work.

Funding

This study was supported by grants from the Institute of Labor,
Occupational Safety, and Health, Ministry of Labor, RO.C. (Taiwan), and
partially by the National Science and Technology Council (Taiwan) (NSTC
112-2314-B-002-224).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

The National Taiwan University Hospital's Institutional Review Board approved
the study (NTUH-REC No.: 20220505 TRINC). Informed written consent was
obtained from all participants prior to entry into the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Environmental and Occupational Medicine, College
of Medicine and NTU Hospital, National Taiwan University (NTU), No. 7,
Zhongshan S. Rd., Zhongzheng Dist, Taipei City, Taiwan

’Department of Environmental and Occupational Health, College of
Medicine, National Cheng Kung University, 138 Sheng-Li Rd., North
District, Tainan 70403, Taiwan

3Division of Occupational Hazards Assessment, Institute of Labor,
Occupational Safety and Health, Ministry of Labor, No. 99, Ln. 407, Hengke
Rd., Xizhi Dist, New Taipei City 221004, Taiwan

4Respiratory Medicine, St Vincent's Public Hospital, Sydney, Australia
5St Vincent's Hospital Clinical School, Sydney, Australia

SInstitute of Occupational Medicine and Industrial Hygiene, National
Taiwan University, No. 17, Xuzhou Rd., Zhongzheng Dist, Taipei City,
Taiwan

’National Institute of Environmental Health Sciences, National Health
Research Institutes, No. 35, Keyan Rd., Zhunan Township, Miaoli County,
Taiwan

8Department of Environmental and Occupational Medicine, College
of Medicine and National Taiwan University Hospital, National Taiwan
University, Rm 339, 17 Syujhou Road, Taipei 100, Taiwan

Received: 4 January 2024 / Accepted: 26 February 2024
Published online: 02 March 2024

References

1. Hoy RF, Baird T, Hammerschlag G, Hart D, Johnson AR, King P, Putt M, Yates
DH. Artificial stone-associated silicosis: a rapidly emerging occupational lung
disease. Occup Environ Med. 2018;75(1):3-5.

2. Mandler WK, Qi C, Qian Y. Hazardous dusts from the fabrication of counter-
top: a review. Arch Environ Occup Health. 2023;78(2):118-26.

3. LesoV, Fontana L, Romano R, Gervetti P, lavicoli . Artificial stone associated
silicosis: a systematic review. Int J Environ Res Public Health. 2019;16(4):568.

4. Martinez C, Prieto A, Garcia L, Quero A, Gonzélez S, Casan P. Silicosis: a disease
with an active present. Arch Bronconeumol. 2010;46(2):97-100.


https://doi.org/10.1186/s12940-024-01067-1
https://doi.org/10.1186/s12940-024-01067-1

Chen et al. Environmental Health

20.

21

22.

23.

24.

25.

26.

(2024) 23:25

Pascual S, Urrutia |, Ballaz A, Arrizubieta |, Altube L, Salinas C. Prevalence of
silicosis in a marble factory after exposure to quartz conglomerates. Arch
Bronconeumol. 2011,47(1):50-1.

Pérez-Alonso A, Cérdoba-Dona JA, Millares-Lorenzo JL, Figueroa-Murillo E,
Garcia-Vadillo C, Romero-Morillos J. Outbreak of silicosis in Spanish quartz
conglomerate workers. Int J Occup Environ Health. 2014;20(1):26-32.
Pérez-Alonso A, Cérdoba-Dona JA, Leon-Jiménez A. Silicosis caused by
artificial quartz conglomerates: keys to controlling an emerging disease. Arch
Bronconeumol. 2019;55(7):394-5.

Ledn-Jiménez A, Hidalgo-Molina A, Conde-Sanchez M, Pérez-Alonso

A, Morales-Morales JM. Garcia-Gamez EM, Cordoba-Dora JA: artificial

stone silicosis: rapid progression following exposure cessation. Chest.
2020;158(3):1060-8.

Requena-Mullor M, Alarcon-Rodriguez R, Parrén-Carrefio T, Martinez-Lépez JJ,
Lozano-Paniagua D, Herndndez AF. Association between crystalline silica dust
exposure and silicosis development in artificial stone workers. Int J Environ
Res Public Health. 2021;18(11):5625.

Hua JT, Zell-Baran L, Go LH, Kramer MR, Van Bree JB, Chambers D, Deller

D, Newbigin K, Matula M, Fireman E. Demographic, exposure and clinical
characteristics in a multinational registry of engineered stone workers with
silicosis. Occup Environ Med. 2022;79(9):586-93.

Kramer MR, Blanc PD, Fireman E, Amital A, Guber A, Rhahman NA, Shitrit D.
Artificial stone silicosis [corrected]: disease resurgence among artificial stone
workers. Chest. 2012;142(2):419-24.

Grubstein A, Shtraichman O, Fireman E, Bachar GN, Noach-Ophir N, Kramer
MR. Radiological evaluation of artificial stone silicosis outbreak: empha-
sizing findings in lung transplant recipients. J Comput Assist Tomogr.
2016;40(6):923-7.

PaolucciV, Romeo R, Sisinni AG, Bartoli D, Mazzei MA, Sartorelli P. Silicosis

in workers exposed to artificial quartz conglomerates: does it differ from
chronic simple silicosis? Arch Bronconeumol. 2015;51(12):e57-60.

Matar E, Frankel A, Blake LKM, Silverstone EJ, Johnson AR, Yates DH. Compli-
cated silicosis resulting from occupational exposure to engineered stone
products. Med J Australia. 2017;206(9):385-6.

Edwards G. Accelerated silicosis-an emerging epidemic associated with engi-
neered stone. Comment on Leso, V. et al. Artificial stone associated silicosis:

a systematic review. Int. J. Environ. Res. Public Health. 2019;16(4):568, https://
doi.org/10.3390/ijerph16040568. Int. J. Environ. Res. Public Health. 2019;16(7).
Kirby T. Australia reports on audit of silicosis for stonecutters. Lancet (London
England). 2019;393(10174):861.

Newbigin K, Parsons R, Deller D, Edwards R, McBean R. Stonemasons with
silicosis: preliminary findings and a warning message from Australia. Respirol
(Carlton Vic). 2019;24(12):1220-1.

Turner MT, Samuel SR, Silverstone EJ, Yates DH. Silica exposure and con-
nective tissue disease: an underrecognized association in three Australian
artificial stone workers. Am J Respir Crit Care Med. 2020;201(3):378-80.

Glass DC, Dimitriadis C, Hansen J, Hoy RF, Hore-Lacy F, Sim MR. Silica exposure
estimates in artificial stone benchtop fabrication and adverse respiratory
outcomes. Annals Work Exposures Health. 2022;66(1):5-13.

Ronsmans S, Decoster L, Keirsbilck S, Verbeken EK, Nemery B. Artificial stone-
associated silicosis in Belgium. Occup Environ Med. 2019;76(2):133-4.
Friedman GK, Harrison R, Bojes H, Worthington K, Filios M. Notes from the
field: silicosis in a countertop fabricator - Texas, 2014. MMWR Morbidity
Mortal Wkly Rep. 2015;64(5):129-30.

Shtraichman O, Blanc PD, Ollech JE, Fridel L, Fuks L, Fireman E, Kramer MR.
Outbreak of autoimmune disease in silicosis linked to artificial stone. Occup
Med (Lond). 2015;65(6):444-50.

Rose C, Heinzerling A, Patel K, Sack C, Wolff J, Zell-Baran L, Weissman D, Hall E,
Sooriash R, McCarthy RB, et al. Severe silicosis in engineered stone fabrication
workers - California, Colorado, Texas, and Washington, 2017-2019. MMWR
Morbidity Mortal Wkly Rep. 2019;68(38):813-8.

Heinzerling A, Cummings KJ, Flattery J, Weinberg JL, Materna B, Harrison R.
Radiographic screening reveals high burden of silicosis among workers at an
engineered stone countertop fabrication facility in California. Am J Respir Crit
Care Med. 2021,203(6):764-6.

Wu N, Xue C,Yu S, Ye Q. Artificial stone-associated silicosis in China: a pro-
spective comparison with natural stone-associated silicosis. Respirol (Carlton
Vic). 2020;25(5):518-24.

Wu W-h, Feng Y-h, Min C-y, Zhou S-w, Chen Z-d, Huang L-m, Yang W-I, Yang
G-h, Li J, ShiJ. Clinical efficacy of tetrandrine in artificial stone-associated
silicosis: a retrospective cohort study. Frontiers in Medicine. 2023;10.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

Page 12 of 13

Hoy RF, Dimitriadis C, Abramson M, Glass DC, Gwini S, Hore-Lacy F, Jimenez-
Martin J, Walker-Bone K, Sim MR. Prevalence and risk factors for silicosis
among a large cohort of stone benchtop industry workers. Occup Environ
Med. 2023;80(8):439-46.

Pavan C, Polimeni M, Tomatis M, Corazzari |, Turci F, Ghigo D, Fubini B. Editor’s
highlight: abrasion of artificial stones as a new cause of an ancient disease.
Physicochemical Features and Cellular Responses. Toxicological Sciences: an
Official Journal of the Society of Toxicology. 2016;153(1):4-17.

Jones CM, Pasricha SS, Heinze SB, MacDonald S. Silicosis in artificial stone
workers: spectrum of radiological high-resolution CT chest findings. J Med
Imaging Radiat Oncol. 2020;64(2):241-9.

Cohen RA, Petsonk EL, Rose C, Young B, Regier M, Najmuddin A, Abraham JL,
Churg A, Green FH. Lung pathology in U.S. coal workers with rapidly progres-
sive pneumoconiosis implicates silica and silicates. Am J Respir Crit Care Med.
2016;193(6):673-80.

Austin EK, James C, Tessier J. Early detection methods for silicosis in Australia
and internationally: a review of the literature. Int J Environ Res Public Health.
2021;18(15):8123.

Perret JL, Miles S, Brims F, Newbigin K, Davidson M, Jersmann H, Edwards A,
Zosky G, Frankel A, Johnson AR. Respiratory surveillance for coal mine dust
and artificial stone exposed workers in Australia and New Zealand: a position
statement from the thoracic society of Australia and New Zealand. Respirol
(Carlton Vic). 2020;25(11):1193-202.

Guideline for assessing engineered stone workers exposed to silica. https://
www.worksafe.gld.gov.au/__data/assets/pdf_file/0014/25232/guideline-for-
assessing-stone-workers-exposed-to-silica.pdf. Accessed 6 Apr 2023. In.

Hoy RF, Glass DC, Dimitriadis C, Hansen J, Hore-Lacy F, Sim MR. Identification
of early-stage silicosis through health screening of stone benchtop industry
workers in Victoria, Australia. Occup Environ Med. 2021;78(4):296-302.

Miller MR, Crapo R, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A,
Enright P, van der Grinten CP, Gustafsson P, et al. General considerations for
lung function testing. Eur Respir J. 2005;26(1):153-61.

Pellegrino R, Viegi G, Brusasco V, Crapo RO, Burgos F, Casaburi R, Coates A, van
der Grinten CP, Gustafsson P, Hankinson J, et al. Interpretative strategies for
lung function tests. Eur Respir J. 2005;26(5):948-68.

Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, Enright PL, Han-
kinson JL, Ip MS, Zheng J, et al. Multi-ethnic reference values for spirometry
for the 3-95-yr age range: the global lung function 2012 equations. Eur Respir
1.2012;40(6):1324-43.

Celli BR, Halbert RJ, Isonaka S, Schau B. Population impact of different defini-
tions of airway obstruction. Eur Respir J. 2003;22(2):268-73.

Macintyre N, Crapo RO, Viegi G, Johnson DC, van der Grinten CP, Brusasco 'V,
Burgos F, Casaburi R, Coates A, Enright P, et al. Standardisation of the single-
breath determination of carbon monoxide uptake in the lung. Eur Respir J.
2005;26(4):720-35.

Stanojevic S, Graham BL, Cooper BG, Thompson BR, Carter KW, Francis RW,
Hall GL. Official ERS technical standards: global lung function initiative refer-
ence values for the carbon monoxide transfer factor for caucasians. Eur Respir
J.2017;50(3).

Lindberg MH, Chen G, Olsen JA, Abelsen B. Combining education and
income into a socioeconomic position score for use in studies of health
inequalities. BMC Public Health. 2022;22(1):969.

Rocha V, Stringhini S, Henriques A, Falcdo H, Barros H, Fraga S. Life-course
socioeconomic status and lung function in adulthood: a study in the EPI-
Porto cohort. J Epidemiol Community Health. 2020;74(3):290-7.

Sahni S, Talwar A, Khanijo S, Talwar A. Socioeconomic status and its relation-
ship to chronic respiratory disease. Adv Respir Med. 2017,85(2):97-108.
Tamura T, Suganuma N, Hering KG, Vehmas T, Itoh H, Akira M, Takashima

Y, Hirano H, Kusaka Y. Relationships (I) of international classification of
high-resolution computed tomography for occupational and environ-
mental respiratory diseases with the ILO international classification of
radiographs of pneumoconioses for parenchymal abnormalities. Ind Health.
2015;53(3):260-70.

Phillips ML, Johnson DL, Johnson AC. Determinants of respirable silica expo-
sure in stone countertop fabrication: a preliminary study. J Occup Environ
Hyg. 2013;10(7):368-73.

Surasi K, Ballen B, Weinberg JL, Materna BL, Harrison R, Cummings KJ,
Heinzerling A. Elevated exposures to respirable crystalline silica among engi-
neered stone fabrication workers in California, January 2019-February 2020.
Am JInd Med. 2022;65(9):701-7.

Cooper JH, Johnson DL, Phillips ML. Respirable silica dust suppression during
artificial stone countertop cutting. Ann Occup Hyg. 2015;59(1):122-6.


https://doi.org/10.3390/ijerph16040568
https://doi.org/10.3390/ijerph16040568
https://www.worksafe.qld.gov.au/__data/assets/pdf_file/0014/25232/guideline-for-assessing-stone-workers-exposed-to-silica.pdf
https://www.worksafe.qld.gov.au/__data/assets/pdf_file/0014/25232/guideline-for-assessing-stone-workers-exposed-to-silica.pdf
https://www.worksafe.qld.gov.au/__data/assets/pdf_file/0014/25232/guideline-for-assessing-stone-workers-exposed-to-silica.pdf

Chen et al. Environmental Health

48.

49.

50.

51

52.

53.

54.

(2024) 23:25

Nasirzadeh N, Soltanpour Z, Mohammadian Y, Mohammadian F. Risk assess-
ment of silicosis and lung cancer mortality associated with occupational
exposure to crystalline silica in Iran. J Res Health Sci. 2022;22(2):e00550.
Boudigaard SH, Hansen KK, Kolstad H, Kromhout H, Schliinssen V. Determi-
nants of respirable quartz exposure concentrations across occupations in
Denmark, 2018. Ann Work Expo Health. 2022;66(4):472-80.

Scarselli A, Corfiati M, Marzio DD, lavicoli S. Evaluation of workplace
exposure to respirable crystalline silica in Italy. Int J Occup Environ Health.
2014,20(4):301-7.

Mohner M, Kersten N, Gellissen J. Chronic obstructive pulmonary disease and
longitudinal changes in pulmonary function due to occupational exposure
to respirable quartz. Occup Environ Med. 2013;70(1):9-14.

Dockery DW, Speizer FE, Ferris BG Jr, Ware JH, Louis TA, Spiro A 3. Cumulative
and reversible effects of lifetime smoking on simple tests of lung function in
adults. Am Rev Respir Dis. 1988;137(2):286-92.

Oelsner EC, Balte PP, Bhatt SP, Cassano PA, Couper D, Folsom AR, Freedman
ND, Jacobs DR Jr, Kalhan R, Mathew AR, et al. Lung function decline in former
smokers and low-intensity current smokers: a secondary data analysis of the
NHLBI pooled cohorts study. Lancet Respiratory Med. 2020;8(1):34-44.
Meijer E, Kromhout H, Heederik D. Respiratory effects of exposure to

low levels of concrete dust containing crystalline silica. Am J Ind Med.
2001;40(2):133-40.

55.

56.

57.

58.

Page 13 of 13

Hertzberg VS, Rosenman KD, Reilly MJ, Rice CH. Effect of occupational silica
exposure on pulmonary function. Chest. 2002;122(2):721-8.

Dixit R, Jalutharia J, Gupta A, Mathur R, Goyal M, Gupta N, Chaudhary P, Tiwari
T. Measurement of diffusion lung capacity (DLCO) in silicosis patients: correla-
tion with radiographic abnormalities on high-resolution CT scan chest. Lung
India: Official Organ Indian Chest Soc. 2022,39(4):352-6.

Hammer MM, Byrne SC, Kong CY. Factors influencing the false positive rate in
CT lung cancer screening. Acad Radiol. 2022;29(Suppl 2):18-522.

Raanan R, Zack O, Ruben M, Perluk I, Moshe S. Occupational silica exposure
and dose-response for related disorders—silicosis, pulmonary T8, AIDs and
renal diseases: results of a 15-year Israeli surveillance. Int J Environ Res Public
Health. 2022;19(22):15010.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Dose-response relationship between lung function and chest imaging response to silica exposures in artificial stone manufacturing workers
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Design and study population
	﻿Questionnaire assessment of job exposure and health
	﻿Assessment of exposure to respirable crystalline silica
	﻿Assessment of forced lung function
	﻿Chest imaging
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿References


