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Abstract

Occupational exposure is one of the major risk factors for lung diseases globally. Although 
the aetiology and the course of major occupational lung diseases are well understood, the 
nature of lung diseases caused by new agents is still not well evaluated. The rise of inter-
stitial and malignant lung diseases due to occupational exposures has caught global atten-
tion because either the causal agents are novel and the mode of action is poorly under-
stood, or classical exposures have reappeared in a newer way, or the control measures are 
not implemented properly. With the introduction of new and innovative technologies, new 
agents such as indium compounds, diketones, nanomaterials, and physical processes such 
as hydraulic fracking are being introduced with substantially high deliberating effects on 
the workers’ health. In this review, we summarise some new occupational exposures 
contributing to respiratory diseases and provide some recommendations for reducing the 
burden of occupational lung diseases. (BRN Rev. 2021;7(1):27-46)
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INTRODUCTION

Occupational lung diseases have been a glob-
al issue, although the magnitude of this prob-
lem in different parts of the world is difficult 
to estimate with accuracy. However, with the 
rapidly increasing global population and de-
mand for consumer goods, more and more 
new materials are being invented and intro-
duced in various occupations, most of the time 
without perceiving the health risk of those 
materials. According to an estimate of the In-
ternational Labour Organization (ILO), 2 mil-
lion people die each year from occupational 
diseases or workplace accidents, and nearly 
30% of those occupational diseases are due to 
lung ailments, particularly cancer and obstruc-
tive and interstitial diseases1. Occupational ex-
posures are still an important cause of mortal-
ity and morbidity worldwide2.

Despite amendments of various safety mea-
sures in the workplaces and workers’ compen-
sation policies, occupational exposures are still 
persistent in the developed countries, while 
such regulations hardly exist in industrially 
developing countries. One of the most dis-
heartening examples of unregulated industri-
al hazards is the Bhopal gas tragedy caused by 
the leakage of a dangerous industrial chemi-
cal, methyl isocyanate (MIC), that took the life 
of more than 16,000 people until now and af-
fected over half a million3,4. It also caused epi-
genetic defects in the survivors and their future 
generations, leading to haematopoietic disor-
ders, cancer, and lung diseases5. 

In today’s developing countries, most of the 
workers are still exposed to hazardous indus-
trial substances. In India, around 11.5 million 
workers are exposed to silica dust, and there 

is an additional burden of attendant tubercu-
losis6. In countries like China and South Af-
rica, where mining is a major industry, silico-
sis is still one of the most prevalent diseases7. 
Recently, an increase in the incidence of occu-
pational lung diseases caused by the new ap-
plication of long-recognised hazardous sub-
stances such as silica has been reported8. Mica, 
the glitters used in cosmetics, paints, electron-
ics, and other appliances, is mined in some 
developing countries where informal labour-
ers, particularly children, are immensely ex-
posed to this fibrogenic substance. Several 
reports have described the clinical and patho-
logical features of mica pneumoconiosis9-12. It 
is also evident that the newly administered 
materials pose a substantial threat for humans. 
Unfortunately, however, in most developing 
countries workers’ safety and labour acts are 
non-existent1. Multiple reports have been doc-
umented in the developed countries in the 
past two decades addressing new and unique 
exposures, which have severely impacted the 
respiratory health of hundreds of thousands 
of workers, such as insulating materials other 
than asbestos13, dust from the world trade 
centre (WTC) collapse14, among others. In this 
review, we summarised recent reports of oc-
cupational lung diseases caused by newly rec-
ognised occupational hazards and some old 
exposures in new forms (Fig. 1). 

SILICA: A CLASSIC EXAMPLE  
OF AN OLD EXPOSURE IN NEW 
FORMS

Denim Sandblasting

Denim jeans have been considered an essen-
tial part of the fashion industry for a long time 
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and their faded form is always in high demand. 
This faded appearance of the jeans can be 
prepared by sandblasting, a process in which 
blasting of small particles of sand at high pres-
sure can remove the dark indigo pigment of 
the jeans and soften/lighten the fabric15. Sili-
ca dust exposure in such sandblasted jeans 
production is associated with fatal silicosis 
and has emerged as a novel workplace haz-
ard16-22. One study on 157 former denim sand-
blasters revealed that respiratory symptoms, 
including dyspnoea and chest pain, were com-
mon among them. Radiological evidence of 
silicosis (ILO score 1.0 or higher) was present 
in more than 50% of the subjects with substan-
tial lower lung function. The risk of develop-
ing silicosis was correlated with seniority (i.e. 
working as a foreman), exposure duration, and 

the number of places of work17. A 4-year fol-
low-up study20 (145 former sandblasters stud-
ied in 2007 among which 83 were reassessed in 
2011) reported that silicosis prevalence was 
increased by about 40% among the living sand-
blasters (74 out of 83). A study on 50 denim 
sandblasters with silicosis found lymphade-
nopathy (LAP) in 50% of the patients whereas 
complicated silicosis, evident from pleural in-
volvement, and presence of progressive massive 
fibrosis (PMF), were observed in 23 patients23. 
Even short-term exposure to sandblasting and 
dyeing was associated with decreased breath 
sounds, bilateral reticulonodular densities, hy-
poxemia, and restrictive lung disorder among 
the workers24 Death due to PMF among young 
sandblasters (mean age was 31.5 years) has been 
reported and suggests a lack of awareness 

New occupational
exposures

Silica-based Non-silica-based

Artificial stone Chemicals Dust & particles
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Diacetyl Hairdressing
chemicals

Fracking &
petroleum products
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Figure 1. New occupational exposures with potential respiratory effect. In this scheme, we have described some of the newly 
identified occupational exposures that might be responsible for respiratory health effects. 
ITO: indium-tin oxide; WTC: World Trade Centre.
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about hazardous silica exposure, overexpo-
sure to silica dust, unsafe working conditions, 
and inadequate control of management18. 

Silicosis due to denim sandblasting is also 
associated with an altered metabolic and im-
mune function that triggers a positive feed-
back loop, and the disease progression occurs 
as a result of altered immune and metabolic 
function. Progression of silicosis can activate 
the immune system and oxidative stress via 
increased neopterin levels and tryptophan deg-
radation; such increased oxidative stress was 
also associated with the severity of the dis-
ease25. Patients with silicosis due to denim 
sandblasting were also reported to have high-
er serum lactate dehydrogenase that showed 
a significant correlation with the radiologi-
cal extent of disease and pulmonary function 
tests26. Autoimmune response may contribute 
significantly to silicosis development among 
sandblasters, more specifically, human leuko-
cyte antigen (HLA) is linked with the severi-
ty of silica-induced lung disease but not with 
the progression time of the disease27. Co-oc-
currence of pulmonary tuberculosis and tu-
berculous meningitis were also observed in 
denim sandblasters with silicosis28. 

Lack of awareness, limited controlling mea-
sures, and continuously deteriorating health 
status plausibly influence the anxiety, depres-
sion, and the quality of life of patients with 
silicosis due to denim sandblasting29. There-
fore, careful monitoring of exposure, creating 
substantial awareness among the workers, 
and finding an alternative way of fading den-
im are the need of the hour. Personal protec-
tive equipment and better treatment options 
should also be provided to the sandblasting 
workers to delay or reverse the progression of 

the disease21. Furthermore, chemical processes 
may be an alternative way as these are cost-ef-
fective and safer than sandblasting22. 

Artificial stone dust

Artificial stone (also known as engineered or 
reconstituted stone and quartz conglomerate) 
is gaining popularity as an alternative to con-
ventional marble kitchen or bathroom counter-
tops. It contains a very large amount of silica 
(∼90%), far more than natural marble (∼3%), 
and granites (∼30%)30. This engineered stone is 
created by mixing crushed rock with resin and 
moulded into slabs31, 32. During the cutting of 
these stone slabs, a very large amount of ul-
trafine silica is produced that remains in the 
breathing zone of the workers. Dry cutting of 
these stones produces much more inhalable 
particles than wet cutting, thus exposing the 
workers to a very high degree of fibrogenic 
compounds30,31. Several small-scale stone-cut-
ting workshops, mostly unorganized, evolved 
in the last two decades in various corners of 
the world employing workers with no or min-
imal training and knowledge of handling such 
hazardous materials. Personal protective de-
vices are rarely used by the workers and of-
ten not even provided33. Several reports have 
found an unimaginably high concentration of 
respirable crystalline silica (RCS) at these work-
places34. Another report also found a signifi-
cantly higher amount of metallic components 
in the artificial stone dust, which could be 
one of the main reasons for greater free-rad-
ical-induced damage in the lungs35. Further-
more, a short‐term, very high concentration 
exposure is thought to be more dangerous 
than a long‐term lower concentration expo-
sure to the same volume of RCS36. Several 
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new cases of artificial stone-dust associated sil-
icosis emerged in the past few years, and in-
triguingly, almost all the incidents were report-
ed in industrially developed countries where 
workers’ safety was put into action long be-
fore30-33,37,38. 

In a recent report, Ophir and colleagues (2016)31 
observed lower pulmonary function with sig-
nificantly higher neutrophilic inflammation 
among 68 artificial stone processing workers 
compared to controls. Furthermore, sputum 
assay also demonstrated the presence of other 
minerals such as aluminium, zirconium, and 
titanium in addition to silica31. In a group of 
68 Israeli artificial stone processing workers, 
29 were diagnosed with silicosis. Analysis of 
sputum ultrafine particles showed an inverse 
association with lung function and was posi-
tively associated with pro-inflammatory cyto-
kines, interleukin-6 (IL-6), IL-9, and tumour 
necrosis factor-α (TNFα)39. Case reports citing 
artificial stone workers requiring lung trans-
plant have also emerged in the past few years40.

High-resolution computer-assisted tomogra-
phy (HRCT) scan is vital in diagnosing sili-
ca-associated pulmonary complications, par-
ticularly in advanced stages when the disease 
progression is accelerated. HRCT findings in 
artificial stone-associated silicosis often differ 
from the classical signatures found in workers 
exposed to natural stone dust, with progressive 
aetiology possibly due to extreme exposure to 
RCS41,42. While a majority of the workers are 
screened for the classical symptoms of silicosis, 
atypical signs such as ground‐glass opacity and 
nodal enlargement are observed more promi-
nently in many other cases indicating the in-
volvement of different pathways in the disease 
manifestations42. Table 1 describes a summary 

of the typical radiological features observed in 
artificial stone-associated silicosis (Fig. 2).

OCCUPATIONAL EXPOSURES  
OF THE 21ST CENTURY

Diacetyl: the flavouring agent

The quest for diacetyl as an occupational haz-
ardous substance began after 2000 when, for 
the first time, obliterative bronchiolitis with 
fixed airway obstruction was observed in eight 
microwave popcorn workers in the US state 
of Missouri43. It was found that all the work-
ers were exposed to diacetyl (2,3-butanedi-
one), a hydrophilic volatile diketone that was 
being used in the plant as a flavouring mate-
rial43. A surveillance program conducted joint-
ly by the California Department of Public Health 
and the California Division of Occupational 
Safety and Health (Cal/OSHA) investigated 
workers from twenty flavouring companies 
and found that 23% of the workers had spi-
rometric abnormalities while nearly 5% were 
diagnosed with airway obstruction. Around 
10% of the workers also had an accelerated 
decline of forced expiratory volume in one 
second (FEV1), and the rate of decline was 
higher in workers of the factories that used 
more than 800lbs of diacetyl every year44. 
Other studies on food processing workers also 
observed workers encountering the deleteri-
ous effects of diacetyl exposure and clinically 
important lung diseases, such as obliterative 
bronchiolitis, obstructive airway disease, and 
lung function decline in workers45-47. Workers 
in a Dutch chemical plant that produced dia-
cetyl also experienced lung abnormalities that 
indicated diacetyl exposure as the causative 
factor48 (Fig. 3). A 36-year old non-smoking 
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worker of a potato chips production facility 
was diagnosed with fixed airflow obstruction 
and was found to have been highly exposed 
to diacetyl; despite removing him from the 
active exposure, his lung function did not 
return to normal, indicating the irreversible 
nature of lung damage caused by diacetyl49. 
Another study in a coffee processing facility 
found airborne concentrations of 14,300 ppb 
of diacetyl and 13,800 ppb of 2,3-pentanedi-
one, much higher than the recommended 
exposure limit of the National Institute of 
Occupational Safety and Health of the Unit-
ed States (NIOSH)50. Mechanistic studies 
have shown that diacetyl and 2,3-pentanedi-
one cause damage to the lungs by necrotis-
ing the airway epithelium and altering pro-
tein homeostasis51. These studies underscore 
the severe impact of occupational exposure 
to diacetyl on the lung health of the workers. 
Although measures have now been taken to 
minimise the exposure to these chemicals 
at work, longitudinal health surveillance 
studies are much needed as diacetyl expo-
sure can also lead to long-term pulmonary 
effects.

Indium and indium-tin oxide 

The recent emergence of indium lung disease 
indicates a new type of occupational lung dis-
ease caused by an already existing material. 
Indium oxides (In2O3) have been in usage since 
the early 1930s and were primarily used in 
semiconductors, dental alloys, batteries, thin-
film infrared reflectors transparent for visible 
light, some optical coatings, antistatic coatings, 
and nuclear reactors. In the 90s, a new conju-
gate comprising of indium oxide and tin oxide 
(commonly known as indium tin oxide [ITO]) 
was produced for a broader industrial usage 
including plasma and flat-screen displays52,53, 
upscaling the production from 371 tons in 1999 
to 1380 tons in 201354.

The first case of indium-associated lung injury 
was found in a worker engaged in wet-surface 
polishing. The patient was diagnosed with 
interstitial pneumonitis within three years of 
employment and died four years after the di-
agnosis55. Reports indicate that serum indium 
concentration (sIn) is strongly associated with 
the exposure period and that emphysematous 

Table 1. Summary of HRCT features useful in determining the likelihood of silicosis in artificial stone workers

HRCT feature Interpretation (in patients with RCS 
exposure)

Differential diagnosis

Eggshell nodal calcification Likely to reflect silica exposure

Enlarged mediastinal and hilar nodes May represent reaction to RCS exposure. Sarcoidosis

Upper zone predominant air trapping Suggestive of hypersensitivity pneumonitis Respiratory bronchiolitis

Centrilobular ground‐glass nodules, upper zone 
predominant

Suggestive of acute/accelerated silicosis Respiratory bronchiolitis, hypersensitivity 
pneumonitis

Solid nodules, centrilobular or peripheral, with 
upper zone predominance

Silicosis (simple or complicated) Sarcoidosis

Nodule coalescence to > 10mm Progressive massive fibrosis Lung malignancy

HRCT: High-resolution computer-assisted tomography; RCS: respirable crystalline silica.
Adapted from Jones CM et al.42 with permission from John Wiley & Sons;  © 2020 The Royal Australian and New Zealand College of Radiologists.
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lesions increased progressively in heavily ex-
posed workers, even after cessation of exposure. 
A non-smoking ex-worker who had stopped 
working in indium processing was diagnosed 

with lung cancer 17 years later, which suggest-
ed the need for appropriate screening to detect 
complications of early stages of lung cancer for 
those with indium lung56.

Figure 2. Long-term exposure to artificial stone. (LEFT PANEL) A 49‐year‐old stonemason, 19 years exposure including to artificial stone, identified 
through screening. HRCT showed both soft tissue and ground‐glass nodules (a, b) with an upper zone predominance. No nodule coalescence. 
No change on follow‐up HRCT four months later. (RIGHT PANEL) A 34‐year‐old stonemason, exposed to artificial stone for 10 years. HRCT 
performed as part of screening demonstrates (a) upper zone predominant centrilobular and peripheral nodules with (b) pseudoplaque formation 
and PMF. (c) PET imaging demonstrates avidity in the nodes and the PMF conglomerates (reproduced from  Jones CM et al.42 with permission 
from John Wiley & Sons;  © 2020 The Royal Australian and New Zealand College of Radiologists). 
HRCT: High-resolution computer-assisted tomography; PET: Positron emission tomography; PMF: progressive massive fibrosis.

(a) (a)

(c)

(b)

(b)
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Cummings and colleagues (2012)57 found in-
terstitial lung disease (ILD) among ten men 
engaged in the production, use, and reclama-
tion of indium compounds. Three of them 
had pulmonary alveolar proteinosis, nine fi-
brosis, and cholesterol clefts and granulomas 

were found in all the workers57 (Fig.  4). In 
subsequent follow-up studies conducted by 
NIOSH, associations between higher cumula-
tive respirable indium with more dyspnoea, 
lower spirometric parameters, and higher se-
rum biomarkers of lung disease, such as Krebs 

Figure 3. Diacetyl-associated obliterative bronchiolitis. Multislice high-resolution computed tomography scans of the lungs during 
inspiration (leftmost column) show inhomogeneity of the lung attenuation during inspiration. In Case 1 (top row), a slight mosaic pattern 
of the lung parenchyma is already present during inspiration. During expiration (middle column), a mosaic pattern is visible in all three 
cases. Note that areas in which lung density remains virtually unchanged are indicative of substantial air trapping. In expiratory 
three-dimensional color rendering of coronal 3-cm-thick sections of the lungs (rightmost column) inhomogeneity is even more pronounced 
with purple areas due to air trapping. Findings are compatible with bronchiolitis obliterans (reproduced from van Rooy FG et al.48 with 
permission of the American Thoracic Society; © 2020 American Thoracic Society. All rights reserved).

inspiration

Case 1

Case 2

Case 3

expiration 3-D
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von den Lungen-6  KL-6), and surfactant pro-
tein-D (SP-D) were also observed58,59. In an-
other report60, 21% of workers in an indium 
processing facility were found to have inter-
stitial changes. By analysing the relationships 
between radiological observation pulmonary 
function tests, serum indium concentration, 
and KL-6, serum indium concentration was 

positively correlated with KL-6 level and de-
gree of HRCT abnormalities60. Similar radio-
logical features of interstitial abnormalities 
were observed in other studies from Japan be-
tween 2003 and 201055,61-63. An elevated level of 
autoantibodies to granulocyte macrophage-col-
ony stimulating factor (GM-CSF) was found in 
a worker exposed to airborne ITO dust64. 

Figure 4. Indium lung disease. Spectrum of histopathologic features of indium lung disease (hematoxylin and eosin stains).  
A: intraalveolar exudate characteristic of alveolar proteinosis, with occasional cholesterol clefts (magnification × 200). B: innumerable 
cholesterol clefts (magnification × 200). C: intraalveolar exudate characteristic of alveolar proteinosis, cholesterol clefts, and fibrosis 
(magnification × 100). D: cholesterol clefts, associated multinucleated giant cells, interstitial fibrosis, and brown particles composed 
predominantly of indium (magnification × 200) (reproduced from Cummings KJ et al.57 with permission from Elsevier, © 2012 The 
American College of Chest Physicians. Published by Elsevier Inc. All rights reserved.)

A B

C D
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The mechanism of carcinogenicity of ITO 
has been investigated in laboratory animals 
and it was found that indium compounds 
including nanoparticles of In2O3, ITO, and in-
dium chloride (InCl3) significantly increased 
8-Nitroguanine (8-nitroG; a mutagenic DNA 
lesion) formation and stimulated inflamma-
tion-mediated DNA damage in lung epitheli-
al cells via the HMGB1-RAGE-TLR9 pathway 
which may contribute to genotoxicity in the 
respiratory system65.

ITO can cause irreversible changes in the 
lungs, and early detection could prevent such 
damages. Attention should be paid to mit-
igate the possible toxic effects of indium 
compounds. Improved indium-handling op-
erations require respiratory protection from 
indium dust and stringent engineering con-
trol measures. Expert advice, including work-
er health checks for respiratory diseases and 
exposure measurement by air sampling, may 
help control the exposure66.

Hairdressing chemicals

When several chemicals used in salons were 
scrutinized in the early 90s for their toxic 
chemical properties67-71, much attention was 
paid to the reproductive health of the female 
hairdressers exposed to those chemicals. It 
was observed that solvents such as ethanol 
and dichloromethane found in hair sprays 
were mainly responsible for reproductive dis-
orders in humans, however, other chemicals 
such as ethylene glycol ethers, nitrosamines, 
formaldehyde, hexachlorophene. Phthalic es-
ters were also associated with reproductive 
disorders though few human data on low 
concentrations of these agents were available. 

In 2001, Hollund and colleagues72 reported 
airway symptoms among a group of Norwe-
gian hairdressers. This observation initiated 
several studies in the following years, which 
attempted to investigate indoor air quality 
and details of personal exposure to chemicals 
used in salons73-78. 

Various bleaching products, dyes, and humid-
ifiers used in the salons are potential sensitiz-
ers and irritants and can cause dermal allergic 
reactions79,80, which might often lead to respi-
ratory ailments81. Several studies have demon-
strated the prevalence of allergic conditions, 
such as dermatitis, allergic rhinitis, and asth-
ma among hairdressers80-89. In a prospective 
cohort study, Nemer and colleagues83 found 
excess 35  ml/year reduction of forced vital 
capacity (FVC), and of 31ml/year reduction of 
FEV1 in current hairdressers compared to for-
mer ones. One of the particular products pre-
dominantly present in hair straighteners is 
formaldehyde78,90, a known irritant. In a fif-
teen-minute exposure assessment in a beauty 
salon during hair straightening procedure, 
formaldehyde exposure concentration was 
found significantly higher than the National 
Institute for Occupational Safety and Health 
(NIOSH) and the American Conference of 
Governmental Industrial Hygienist (ACGIH) 
permissible thresholds levels91. Occupational 
exposure to formaldehyde in hairdressing sa-
lons was found to be associated with asth-
ma86. Formaldehyde was also found signifi-
cantly associated with micronucleus formation 
in peripheral blood lymphocytes and buccal 
cells78,91, and with a higher level of DNA dam-
age in peripheral blood cells78,92. Several other 
studies also found that the concentration of 
formaldehyde in the indoor air often exceeds 
the permissible exposure limits of OSHA93.
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Another chemical used in hairdressing salons 
is ammonia, a key ingredient of bleaching 
products. The use of bleaching products often 
exposes the workers and customers to a high 
amount of ammonia. One report suggested 
that ammonia could cause bleaching-associat-
ed rhinitis88, while another report suggested 
that ammonia could be associated with neu-
trophilic airway inflammation, higher exhaled 
nitric oxide (eNO) levels and higher blood 
C-reactive protein (CRP) level84. Another re-
port also demonstrated the use of elemental 
mercury in beauty salons, thus, imposing a 
greater health risk on the workers82. Other 
chemicals such as methacrylate, can some-
times cause dermatitis and allergic skin reac-
tions95-97. Methacrylate is a long-known chem-
ical often used in dental procedures and is a 
respiratory hazard. Exposure to methyl meth-
acrylate was previously found to cause hyper-
sensitivity pneumonitis in dental technicians98. 
The same agent has later been confirmed to 
cause asthma in salon workers99.

Persulfate compounds are considered some of 
the most potent hazardous substances caus-
ing occupational asthma among hairdressers. 
Several epidemiological reports have demon-
strated the association between exposure to 
persulfates at hairdressing salons and the risk 
of occupational asthma100-103. Exposure to per-
sulfates was associated with increased exhaled 
nitric oxide and the number of eosinophils in 
induced sputum102. Mechanistic studies demon-
strate that ammonium persulfate activates ba-
sophils and mast cells by inducing oxidation of 
some amino acids, which could be one plau-
sible mechanism for persulfate-induced occu-
pational asthma104. However, the use of per-
sulfates has been limited in hairdressing salons 
in present days and safety awareness among 

the hairdressers has helped to minimise the 
exposure.

Several reports have described the incidence 
of lung and skin cancer among hairdressers. 
Since most of those reports indicated the use 
of hazardous chemicals as the main reason 
for cancer incidence in the workers105-109, new 
policies have been implemented to reduce the 
use of those hazardous chemicals. A recent 
pooled analysis of case-control studies between 
1985 and 2010 revealed that smoking has re-
mained the major risk factor for lung cancer 
among hairdressers110. Intriguingly, asthma 
seems to more common among hairdressers 
these days. Hairdressers’ asthma is now con-
sidered a new type of work-related asthma 
and is a growing health concern. Although 
cases of asthma are often not reported by 
small-scale entrepreneurs in this sector, pub-
lic health awareness can be an important step 
towards minimising the burden of work-re-
lated health hazards. Large-scale epidemio-
logical studies are still lacking, particularly 
those focusing on the long-term effects of the 
chemicals used in salons.

Exposure to World Trade Centre (WTC) 
dusts

The collapse of the twin towers of the World 
Trade Centre (WTC) on September 11, 2001, 
called for an unprecedented environmental 
emergency. The demolition of the buildings 
produced an enormous amount of dust and 
particulate matters that covered lower Manhat-
tan and the surrounding neighbourhood for a 
long period of time. The first responders, such 
as the firefighters, police, and the rescue work-
ers who were deployed at the site immediately 
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after the incident encountered an unprece-
dented amount of ultrafine basic (pH range: 
8.9-10) particulate matters (PM2.5), and a very 
high amount of calcium and sulphur111. 

Several reports have shown the impact of WTC 
dust exposure on respiratory health14, 112-117. A 
field study of 183 clean-up and recovery work-
ers found that 34% developed cough, 24% de-
veloped phlegm, and 19% developed wheeze 
and that the prevalence rate was associated 
with the number of days worked at the site118. 
A longitudinal study of pulmonary function 
in 12,079 New York City Fire Department res-
cue workers showed a substantial (372 ml) re-
duction of age-adjusted FEV1 during the year 
after 09/11, which was 12 times equal to their 
expected age-related decline. Chronic respi-
ratory effect of WTC dust exposure includes 
bronchial hyperresponsiveness and lower re-
spiratory symptoms including chronic bronchi-
tis114, 115. Air trapping was the most predomi-
nant feature in the WTC-exposed workers with 
lower respiratory symptoms119-120.

Other than chronic respiratory problems due 
to WTC dust exposure, formerly exposed re-
sponders are experiencing even more de-
structive lung conditions after several years 
of exposure. One recent report described po-
tential work-related pleural abnormalities in 
1453 WTC responders who were followed-up 
after a median of 6.8 years116. One recent 
study has reported that former WTC re-
sponders also developed pulmonary fibro-
sis and the adjusted hazard ratio was nearly 
5-times higher in those with a very high lev-
el of exposure, and nearly 3-times higher in 
those with a medium level of dust expo-
sure121. In addition to fibrotic changes, sever-
al former WTC dust-exposed workers were 

also reported to develop sarcoid-like granulo-
matous diseases122.

WTC dust exposure is still an important ex-
posure to monitor due to its complex nature 
and multifaceted target organ effects. Despite 
several long-running cohorts of WTC dust-ex-
posed workers and residents, a longitudinal 
impact on the carcinogenicity of the dust ex-
posure has not been monitored systematically. 
As asbestos was very much in use during the 
construction of the twin towers, the risk of 
mesothelioma could still be high and should 
be taken into consideration in the future.

Hydraulic fracking and exposure  
to petrol/natural gas

Hydraulic fracturing, or ‘fracking’, is a tech-
nique used to extract oil and natural gas. In 
this process, large amounts of pressurized mix-
tures of sand, water, and other chemicals are 
injected deep into wells to fracture the rock 
that allows the extraction of oil and natural 
gas. Despite a decline in the price of oil and 
natural gas in the past few years, fracking is 
booming. In the United States alone, more than 
200,000 new wells are drilled and fractured 
every year, involving more than 200,000 work-
ers by well servicing companies8,123,124. How-
ever, this process of natural gas extraction has 
raised potential concerns for its negative im-
pact on the surrounding nature and on the 
people engaged in this operation or staying 
nearby8,123,125-130. Workers engaged in this sec-
tor are exposed to several hazardous sub-
stances including RCS, emissions from auto-
mobile engines, organic compounds such as 
benzene, toluene, and xylenes, ozone, reduced 
sulphur, and radon; all of these are known for 
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occupational lung diseases, including silico-
sis, asthma and lung cancer8. Esswein and 
colleagues (2013)127 collected air samples from 
eleven fracking sites in the United States and 
found that in around 80% of the air samples, 
the concentration of silica had exceeded the 
relevant occupational PELs; the concentration 
was high enough to overwhelm the filtering 
capacity of the personal protective equipment 
of the workers128. In a report, the US Occupa-
tional Safety and Health Administration had 
also expressed its concern that fracking-asso-
ciated silica exposure could lead to long-term 
respiratory effects in the workers131. 

Other than silica, acids and heavy metals are 
some of the additives that are used in frack-
ing. A huge amount of water mixed with 
these additives, such as corrosive acids, sur-
factants, and heavy metals are injected into 
the wells with high pressure that again is 
pulled out from the pits. This water con-
tains several contaminants such as a high 
concentration of heavy metals, and several 
by-products including methanol and methyl 
mercury that have potential to cause ad-
verse health effects including respiratory 
toxicity132,133. Some reports underestimated 
the potential hazard of fracking, simply by 
demonstrating under-represented studies and 
scientific evidence134. Animal studies using 
fracking sand dust as experimental exposure 
showed intratracheal installations of the dust 
particle that modulate the sodium ion [Na+] 
channels of the airway epithelial cells135. 
However, the way fracking-associated oc-
cupational exposure affects the respiratory 
health of the workers, is not fully understood. 
Nevertheless, the increasing body of public 
health evidence of the adverse health effects 
of fracking is overwhelming and potentially 

warrants serious surveillance of the workers 
and the work environment. 

Exposure to petroleum and natural gas is an-
other emerging cause of occupational lung 
disease. The first case of lung cancer in fill-
ing station attendants was presented more 
than 30 years ago136. After that, several cases 
of exposure-associated lung diseases among 
petrol/gas filling stations have been reported 
to date137-139. A unique report on the cigarette 
lighter refilling process demonstrated that 
small vendors who refill hand-held cigarette 
lighters with liquefied petroleum gas remained 
exposed to a very high amount of volatile pet-
rochemicals, which might be readily inhaled 
leading to respiratory problems140. However, 
these exposures are still undermined although 
the magnitude of such exposures is quite high 
in industrially developing countries. It is im-
portant to examine these occupational expo-
sures thoroughly and also to educate the 
workers about the possible health hazards of 
such exposures. 

Nylon flocks

In the industrial process of flocking, short 
lengths of synthetic fibres are applied to 
backing fabric to produce plush material. Ny-
lon flock as a fibrogenic material was identi-
fied in the late 90s when workers of nylon-flock 
industries were diagnosed with interstitial 
pneumonitis141-143. An exposure assessment 
study found that the flock particles had a 
length of nearly one millimetre with a diam-
eter of about 10-15 micron144. Flocking rooms 
were found to contain a very large amount of 
respirable particles of a concentration up to 
240 mg per cubic millimetre144. A follow-up 
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study of nylon flock workers showed a wide 
array of pathological conditions in the lung 
biopsy samples, including desquamative inter-
stitial pneumonia, and bilateral synchronous 
adenocarcinoma145. A 10-year retrospective co-
hort study identified a three-fold increase in 
lung cancer incidence in workers exposed to 
nylon flocks146. Other studies have also demon-
strated a progressive decline in pulmonary 
function, pulmonary hypertension, and re-
spiratory failure among nylon flock industry 
workers147. Even though the nylon-flock-asso-
ciated lung diseases are rarely reported these 
days, this specific exposure-associated lung 
disease was seminal in the last part of the 
19th century for its unique clinicopathological 
characteristics. 

Nanomaterials 

Nanomaterials are ultrafine particles with a 
length or diameter of 100nm. Most of these 
materials to which workers remain exposed 
are mostly generated as an unrecognizable 
by-product of a process. Recent reports have 
stated that occupational exposure to engi-
neered nanomaterials are sometimes common, 
although identification of such exposure is ex-
tremely difficult. A case-control study in Tai-
wanese nanomaterial workers showed that ex-
posure to engineered nanomaterials had been 
associated with aggravated symptoms of sneez-
ing and allergic dermatitis148. The same group 
later also observed an increased expression of 
Club Cell secretory protein 16 (CC-16) and re-
duced pulmonary function in a group of nano-
material workers in a longitudinal study149. 
Multi-wall carbon nanotubes (MWCNTs), a po-
tentially important industrial and medical sub-
stance may affect the workers at the workplace 

during production. Some reports have demon-
strated that workplace MWCNT exposure was 
associated with increased oxidative stress in 
the exhaled breath condensate of the work-
ers150, without any influence on lung func-
tion. Recently, a small case-control study on 
22  MWCNT workers demonstrated that the 
exposure to MWCNT was associated with im-
munological parameters such as fractional ex-
haled nitric oxide (FENO), and other immune 
mediators, such as basic fibroblast growth fac-
tor but not with the pulmonary function test151. 
A similar relationship between occupational 
exposure to nanomaterials and FENO was also 
observed in another study152. Carboniferous 
nanomaterials can also be emitted from other 
sources, such as photocopiers and printers. 
Photocopiers emit a large amount of nanopar-
ticles, primarily carbon nanoparticles, although 
this event has remained undetermined. An ex-
posure-assessment study found that in most 
high-speed photocopy centres, the worksta-
tions had a high concentration of nanoparticles 
and no attention was paid to control emis-
sions153. Although some reports are cross-sec-
tional and have a small sample size, some 
short-phase longitudinal studies with a larger 
sample size (n = 200-500) have also demon-
strated adverse respiratory effects of carbon 
nanoparticle exposure at work. 

There are some reports that have shown oc-
cupational exposure to other types of nano-
material exposure at work. A workplace mon-
itoring study in the ceramic industry revealed 
that the atmospheric plasma spraying (APS) 
process (a process for coating the surfaces of 
various materials to achieve enhanced mate-
rial safety, insulation, or resistance against cor-
rosion) generates ultrafine particles (< 100 nm 
in size) and nanoparticles (< 50  nm) in the 
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breathing zone of the workers154, thus might 
expose the workers to a high potential oc-
cupational hazard. Exposure to polyacrylate 
nanoparticles was found associated with pleu-
ral effusion, pulmonary fibrosis, and granulo-
ma among seven female workers working in 
a print plant155. Another study showed severe 
chemical pneumonitis with extensive bilateral 
ground-glass opacities in a worker exposed to 
nanosized positively charged fluorinated ac-
rylate during spray painting wooden furni-
tures156. In a cross-sectional study on 28 work-
ers of a Chinese manufacturing industry, Li 
and colleagues (2018)157 reported a significant 
reduction in lung function of the workers as 
a result of long-term exposure to nanosized 
calcium carbonate. Pelclova and colleagues158 
found a trace of nanoparticles in the exhaled 
breath condensate (EBC) of the workers ex-
posed to titanium dioxide (TiO2) nanoparti-
cles. The same group later demonstrated that 
occupational exposure to TiO2 nanoparticles 
was associated with increased FENO, lowered 
lung function, and increased production of 
cysteinyl leukotrienes in the EBC, suggesting 
aggravated pulmonary inflammation in those 
workers159. Zhao and colleagues (2018)160 re-
ported that workers exposed to engineered 
TiO2 nanoparticles had respiratory complica-
tions. 43% of the exposed workers had abnor-
malities in chest X-ray compared to 2% of un-
exposed workers. The median concentration of 
surfactant protein (SP)-D was also significantly 
lower among the exposed workers compared 
to those who were not exposed (3.61 versus 
4.55 ng/mL)160. 

Despite the available evidence, there are still 
lacunae as critically speaking, as most of the 
studies lack rigorous statistical crosschecking 
such as (i) role of other residual confounders 

such as pre-existing respiratory health condi-
tions, or any potential socio-environmental 
attributes, or (ii) influence of potential effect 
modifiers that might influence the exposure-re-
sponse relationships, have rarely been investi-
gated. Therefore, properly designed prospective 
epidemiological studies, particularly longitu-
dinal studies, are needed. 

PREVENTION AND CONTROL

The occurrence of occupational lung diseases 
can be prevented mainly in three ways: (i) re-
ducing disease incidence (primary prevention), 
(ii) reducing the disease progression (second-
ary prevention), and (iii) reducing complications 
and consequences of an already developed 
disease (tertiary prevention). While primary 
prevention is the most desired one, the process 
comprises several steps of preventable mea-
sures (Fig. 5). In this hierarchical approach, the 
elimination of hazardous substances from the 
workplace is the most effective and primary 
requirement. Where such elimination is impos-
sible, the introduction of a substitute should be 
prioritized. However, the plausible hazards 
of the alternative choice of material should be 
well verified before the implementation. Where 
elimination and substitution are impossible to 
implement, engineering control measures be-
come optimal to reduce the exposure. Admin-
istrative and legislative approaches are also im-
portant in the mitigation of a safe workplace, 
however, it should be noted that personal pro-
tection stands at the lowest tier of this hierarchy, 
which means that personal protective equip-
ment (PPEs) cannot replace the other 4 tiers of 
preventive measures and can only be imple-
mented where other methods cannot be applied 
or have failed to contain the exposure1. 
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Although pre-employment screening for a 
pre-existent disease could safeguard the 
workers from probable workplace hazards161, 
this method is almost non-existent and rare-
ly implemented in developing countries be-
cause of an easily replaceable workforce. 
Workers often do not complain about their 
exposures because of probable job loss de-
spite long-term exposure to workplace haz-
ards. However, regular surveillance could 
turn out to be the best possible way to render 
preventive measures by modulating primary, 
secondary, or tertiary measures, individually 
or by combination. 

Exposure to new materials in the workplace 
is unavoidable as we move forward with 
the globalization and industrial revolution. 

Therefore, workers’ awareness and educa-
tion programmes about the potential health 
hazards of the materials used should be pri-
oritized. Regular monitoring of workplaces is 
crucial and regular health monitoring of the 
workers should be guaranteed. 

CONCLUSION

Occupational lung diseases have been a major 
problem not only in developing countries but 
also in developed countries. Unfortunately, 
despite its impact on millions of workers 
leading to serious health issues, this scenar-
io garners disproportionately less attention 
than other contemporary environmental and 
lifestyle factors. Preventive measures can be 

Figure 5. The hierarchy of control used in managing hazardous exposures in the workplace (reproduced from Cullinan P et al.1  
with permission from The Lancet Respiratory Medicine, © 2017 Elsevier Ltd. All rights reserved). 
PPE: personal protective equipment.
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implemented albeit applicable to very few 
sectors. With the advent of new technologies 
and materials, exposure-associated health haz-
ards are rapidly increasing, making the dis-
ease diagnosis, management, and prevention 
more complicated. Efforts must be taken to 
monitor the trends in known sources of occu-
pational hazards, evaluate health impact and 
causality, and develop strategies to identify 
and manage new hazards.
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