
 
 

University of Birmingham

Airborne occupational exposures associated with
pulmonary sarcoidosis
Huntley, Christopher C; Patel, Ketan; Mughal, Aishah Z; Coelho, Shirley; Burge, P Sherwood;
Turner, Alice M; Walters, Gareth I
DOI:
10.1136/oemed-2022-108632

License:
Creative Commons: Attribution-NonCommercial (CC BY-NC)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Huntley, CC, Patel, K, Mughal, AZ, Coelho, S, Burge, PS, Turner, AM & Walters, GI 2023, 'Airborne
occupational exposures associated with pulmonary sarcoidosis: a systematic review and meta-analysis',
Occupational and Environmental Medicine. https://doi.org/10.1136/oemed-2022-108632

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 16. Sep. 2023

https://doi.org/10.1136/oemed-2022-108632
https://doi.org/10.1136/oemed-2022-108632
https://birmingham.elsevierpure.com/en/publications/676c188c-73e0-4b4e-97cc-10163fd64cba


This article has been accepted for publication in OEM following peer review.
The definitive copyedited, typeset version is available online at 10.1136/oemed-2022-108632

Airborne Occupational Exposures associated with Pulmonary Sarcoidosis: A Systematic
Review and Meta-Analysis

Dr Christopher C Huntley
Occupational and Interstitial Lung Disease Services, University Hospitals Birmingham (UHB)
NHS Foundation Trust
Institute of Applied Health Research, University of Birmingham
Address: Birmingham Regional Occupational Lung Disease Service, Birmingham Chest Clinic,
151 Great Charles Street, Queensway, Birmingham, B3 3HX, UK
Christopher.huntley@nhs.net
cch959@student.bham.ac.uk

Dr Ketan Patel
UHB NHS Foundation Trust
Institute of Applied Health Research, University of Birmingham
Ketan.patel1@nhs.net

Miss Aishah Z. Mughal
University of Birmingham
Azm641@student.bham.ac.uk

Miss Shirley Coelho
Physiologist
Wye Valley NHS Trust
shirleykacoelho@gmail.com

Prof. P. Sherwood Burge
Professor of Occupational Respiratory Medicine
Occupational and Interstitial Lung Disease Services, University Hospitals Birmingham (UHB)
NHS Foundation Trust
Sherwood.burge@uhb.nhs.uk

Prof. Alice Turner
Consultant Respiratory Physician
Department of Respiratory Medicine, UHB NHS Foundation Trust
Professor of Respiratory Medicine, Institute of Applied Health Research, University of
Birmingham
a.m.turner@bham.ac.uk

Dr Gareth Walters
Consultant in Occupational Respiratory Medicine
Occupational and Interstitial Lung Disease Services, University Hospitals Birmingham (UHB)
NHS Foundation Trust
Institute of Applied Health Research, University of Birmingham
Gareth.walters@uhb.nhs.uk

https://dx.doi.org/10.1136/oemed-2022-108632
mailto:Christopher.huntley@nhs.net
mailto:Ketan.patel1@nhs.net
mailto:Azm641@student.bham.ac.uk
mailto:shirleykacoelho@gmail.com
mailto:Sherwood.burge@uhb.nhs.uk
mailto:a.m.turner@bham.ac.uk
mailto:Gareth.walters@uhb.nhs.uk


Word Count: 4,600
Abstract

Background
The aetiology and pathophysiology of sarcoidosis is ill-defined – current hypotheses centre
on complex genetic-immune-environmental interactions in an individual, triggering a
granulomatous process.

Aim
To define and describe which airborne occupational exposures (aOE) are associated with and
precede a diagnosis of pulmonary sarcoidosis.

Methods
Systematic review and meta-analyses of odds ratios (OR) for specified aOE associated with
pulmonary sarcoidosis (DerSimonian Laird random effects model [pooled log estimate of
OR]). Standard search terms and dual review at each stage occurred. A compendium of aOE
associated with pulmonary sarcoidosis was assembled, including mineralogical studies of
sarcoidosis granulomas.

Results
N=81 aOE were associated with pulmonary sarcoidosis across all study designs. Occupational
silica, pesticide and mould or mildew exposures were associated with increased odds of
pulmonary sarcoidosis. Occupational nickel and aluminium exposure were associated with a
non-statistically significant increase in the odds of pulmonary sarcoidosis. Silica exposure
associated with pulmonary sarcoidosis was reported most frequently in the compendium
(n=33 studies) and was the commonest mineral identified in granulomas.

Conclusion
Airborne occupational exposure to silica, pesticides and mould or mildew is associated with
increased odds of pulmonary sarcoidosis. Equipoise remains concerning the association and
relationship of metal dusts with pulmonary sarcoidosis.

Keywords

Sarcoidosis; Occupational exposures; Minerals; Epidemiology; Chemicals; Silica; Organic
dusts; Metal



Key Messages

What is already known on this topic?
1. Sarcoidosis is likely the result of a complex genetic-immune-environmental

interaction.
2. Environmental and occupational exposures have been linked with the onset of

sarcoidosis, but equipoise persists.

What this study adds
1. Occupational silica, pesticides and mould and mildew exposure are associated with

increased odds of pulmonary sarcoidosis.
2. Numerous airborne occupational exposures have been associated with pulmonary

sarcoidosis - it is highly unlikely pulmonary sarcoidosis is the result of a single
environmental antigen.

How might this study affect research, practice or policy?
1. An environmental and occupational exposure history is important in the work-up of

sarcoidosis, given the similarities with other granulomatous diseases and
pneumoconiosis.

2. Equipoise remains concerning the role of metal dusts amongst other exposures in
the onset of sarcoidosis.

3. Studies investigating the interaction of genetic and environmental factors are
required in sarcoidosis.

4. Larger mineralogical studies of granulomas found in sarcoidosis are likely to improve
understanding of the role of the environment in the onset of sarcoidosis.



Sarcoidosis is a multisystem disease characterised by non-caseating granulomas that can
affect any organ, with approximately 90% of cases involving the lungs (pulmonary
parenchyma or hilar lymph nodes) 1. The diagnosis of sarcoidosis is yet to be standardised,
but is made using three main features: a compatible clinical presentation, histological
presence of non-necrotising granulomatous inflammation and exclusion of alternative
causes of granulomatous disease (e.g. drug-induced and immune deficiency syndromes) 2.
The aetiology and pathophysiology of sarcoidosis is yet to be fully defined, but current
hypotheses suggest an exaggerated and dysregulated immune response to environmental
exposures in genetically predisposed individuals 3.

Airborne exposures are particles that are suspended in the air and can be inhaled into the
respiratory tract through the nose or mouth 4. These particles can be described based on
their diameter which determines the region of lung that they can deposit:

- extra-thoracic – particles that cannot penetrate beyond the larynx, typically <100μm

in diameter;

- thoracic – particles that penetrate below the larynx, typically <10μm in diameter; or,

- respirable – particles that penetrate the gas exchange regions of the lung, typically

<4μm in diameter 4.

When airborne particles present in the alveoli as foreign antigens, they are phagocytosed by
antigen presenting cells (APC) that display specific peptides to recruit immune system cells.
T-helper cells (CD4+ lymphocytes) attach to these peptides, stimulating cytokine release,
which in turn recruit other immune cells to the site 3. Following antigen clearance, the
immune response should self-regulate and cease. However, in sarcoidosis a persistent
immune reaction leads to the formation of granulomas 5.

Human leukocyte antigen (HLA) genotypes are located at chromosome 6 and encode cell
surface molecules of major histocompatibility complex (MHC) cells, to present antigen
peptides to T-cell receptors. Various HLA genotypes such as HLA-DRB1 and -DRB3 6 are
associated with an increased risk of sarcoidosis. There is an increased risk of sarcoidosis
amongst first degree relatives 7 and monozygotic and dizygotic twins 8, suggestive of a
genetic component in the onset of sarcoidosis. Likewise, sarcoidosis prevalence varies across
ethnicity, with prevalence higher in black populations 1, 9. However, not all individuals with
these genetic variations develop sarcoidosis, suggesting other factors influence disease
onset.

Geographical variation in the prevalence of sarcoidosis occurs both internationally 10 and
regionally within individual countries 11. Two studies hypothesised differences in the
prevalence of sarcoidosis were linked to predominant industries – in Sweden, it was highest
in northern counties 12; in Switzerland, higher prevalence was observed regions with
prominent metal and intense agriculture industries 13. Similarly, seasonal clustering of acute
sarcoidosis 14 has been demonstrated, suggesting an environmental component.

Specific occupational groups have an increased risk of sarcoidosis, including firefighters 15,
nurses 16 and military personnel 17, whilst occupational exposure to silica 18, 19, metal dust 20



and pesticides 21 amongst others have been associated with an increased risk of developing
granulomatous lung disease. It is estimated that workplace exposures contribute to
approximately 30% of the burden of sarcoidosis 22.

Studies assessing granuloma composition in sarcoidosis have applied techniques like
electron microscopy. Transmission electron microscopy (TEM) passes a beam of electrons
through a human tissue sample, producing an image of the internal structures of a cell.
Scanning electron microscopy (SEM) directs an electron beam across the surface of a
sample, creating an image of cell structures in tissues and allowing measurement of particle
size and number. SEM may be combined with other techniques, such as TEM (scanning
transmission electron microscopy, STEM) and energy dispersive X-ray spectroscopy (EDXA).
EDXA provides an elemental and compositional analysis of a sample. Each element has a
unique atomic structure which when excited by X-ray in EDXA will produce a unique set of
peaks on the electromagnetic emission spectrum, enabling identification of specific
elements in the sample. The application of such techniques to identify elemental
components of granulomas in sarcoidosis may help determine any specific causative
occupational exposures. Similarly, Lymphocyte proliferation tests (LPT) have been studied in
sarcoidosis, assessing immune responses to specific antigens.

This systematic review with meta-analyses aims to define and describe which airborne
occupational exposures precede and are associated with an increased odds of pulmonary
sarcoidosis. Additionally, we intend to produce a compendium of all studies reporting an
association between airborne occupational exposures and a diagnosis of pulmonary
sarcoidosis and discuss mineralogical and immunological studies relating to occupational
exposures, to inform future research.

Methods

This systematic review with meta-analyses was performed in accordance with MOOSE
guidelines and reported in concordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis guidelines (PRISMA) 23, 24. The protocol was registered and can be
viewed in full on the PROSPERO international database (PROSPERO ID: CRD42020199054). A
summary of the methodology is presented as follows.

Studies were eligible if they included only adult patients (18 years and older) and met
eligibility criteria (table S1). Sarcoidosis and sarcoid-like reactions are included in this review,
given the lack of clinical criteria defining and differentiating the two entities. Studies
reporting pulmonary sarcoidosis with beryllium exposure and a positive Beryllium LPT
(BeLPT) were excluded as this meets criteria for a diagnosis of Chronic Beryllium Disease
(CBD) 25. Mineralogical analysis studies of granulomas in sarcoidosis are included.

Search Strategy

Medline, Embase, ZETOC, Cochrane library, PROSPERO and Open Grey electronic databases
were searched between 1st January 1958 (year of the first international conference on
sarcoidosis) to 31st December 2022. Searches applied a combination of index terms and text
words related to occupational exposures and sarcoidosis in the English language (table



S2a-b). No language restrictions were applied at the initial screening stage. All study designs
were eligible for inclusion in the compendium (including conference abstracts), but only
observational studies were included in the meta-analyses.

Study Selection, Data Extraction and Quality Assessment

Study selection against pre-determined inclusion and exclusion criteria (table S1) of titles
and abstracts was performed independently by two reviewers (CH and KP). Eligible studies
underwent a full-text review completed by two reviewers independently (CH and KP/ AM).
Disagreements were resolved by discussion with or review by a third independent reviewer
(GW). Studies must report a specified occupational exposure and associate the exposure
with the diagnosis of sarcoidosis – studies reporting an occupation group or job title only
and not a specific exposure were excluded, as it is not be possible to identify the
occupational exposure from this information, due to regional and time-specific variations in
workplaces and the processes occurring.

Data was extracted using a pre-determined standardised, piloted data extraction sheet
(including a risk of bias tool) by one reviewer (CH), with 10% of studies checked by a second
reviewer (GW) for accuracy. Any discrepancies arising were reviewed by both reviewers and
resolved. For studies not published in the English language, study selection and data
extraction were performed by a healthcare professional (SC, AMT) fluent in the relevant
language – it was not possible to translate nine manuscripts which were excluded. Authors
of studies with unclear, incomplete or missing data were contacted to clarify or provide
additional information and excluded if no response was returned.

If the same study population was reported across multiple published papers, these were
combined, with outcomes only reported once per exposure. After the World Trade Center
(WTC) disaster, surveillance programs such as the WTC-health program and WTC-health
registry have published results regularly. Therefore, to avoid duplicate publication bias in the
WTC dust exposure category, only the latest publications from these cohorts reporting odds
ratios (or providing data where this is calculable) were included in analysis. Additionally,
studies reporting community, not occupational exposure to the WTC dust were excluded.

Risk of bias and quality assessment was performed using the Newcastle-Ottawa scale for
cohort and case-control studies and adapted for longitudinal or cross-sectional studies,
whilst the Joanna Briggs Institute critical appraisal tool for case series and case reports were
used for corresponding study designs.

Statistical Analysis

Studies were grouped nominally by the occupational exposure reported and study design –
if a study reported more than one exposure, all were included. Demographic data (gender,
age, ethnicity) were extracted, along with the sarcoidosis diagnostic criteria used. The odds
ratio (OR) for specific occupational exposures was extracted or calculated (from available
data) for case-control and cohort studies. Meta-analysis was conducted when two or more
studies reported an OR for an individual occupational exposure, applying a random effects
model (pooled log estimate of OR; DerSimonian Laird). The I2 statistic was used to evaluate



statistical heterogeneity. Meta-analyses were conducted using STATA (Stata statistical
software: Release 16; StataCorp LP, College Station, TX, USA).

The compendium created categorises all studies by the reported occupational exposure. Like
the meta-analyses, an association between specific occupational exposures and the onset of
pulmonary sarcoidosis must be inferred by the authors. The frequency or proportion of
cases of pulmonary sarcoidosis with specific exposures, the odds ratios of specific
occupational exposures in pulmonary sarcoidosis and the incidence or prevalence of
occupational exposures in pulmonary sarcoidosis are reported from the data extracted.
Studies applying mineralogical analysis techniques on sarcoidosis or sarcoid-like granulomas
are described.

Results

Database searches identified 9,952 studies, with 12 observational (11 case control and 1
cohort) studies of 22 occupational exposures eligible for meta-analyses (Figure 1) - a
summary of the design of these studies is available in table 1 and their results in Table S5. A
list of excluded studies at full-text review is available from the authors at request. 76 studies
were eligible for inclusion in the compendium of occupational causes of sarcoidosis (tables
S3-S4). 81 individual occupational exposures had been associated with a diagnosis of
pulmonary sarcoidosis, most commonly silica (n=33 studies), followed by iron (n=13),
aluminium (n=12), World Trade Center (WTC) dust (n=9), chromium (n=8) and titanium (n=8)
(Figure S1). Sources of exposure were divided in to 6 groups: Mineral dust; Mixed dusts +/-
fumes; Organic; Metals; Chemicals; and Radiation. A risk of bias assessment was completed
for all included studies (tables S6a-e).

[insert Figure 1]
[insert Table 1]

Meta-Analyses

Meta-analyses were conducted for 12 occupational exposures (Figure S2). Occupational
silica exposure was associated with a diagnosis of pulmonary sarcoidosis (OR 1.26 [1.02 –
1.56], I2 33.7%; Figure 2), as was occupational pesticide (OR 1.42 [95% CI 1.09 – 1.85], I2

14.3%) and mould or mildew exposure (OR 1.52 [95% CI 1.21 – 1.91], I2 0%) (Figure 3).
Non-statistically significant associations were observed between occupational aluminium
(OR 1.89 [95% CI 0.72 – 4.95], I2 90.5%; Figure 2) and nickel (OR 1.18 [95% CI 0.65 – 2.14], I2

0%) exposure with a diagnosis of pulmonary sarcoidosis. A non-statistically significant
reduced odds of occupational gold exposure (OR 0.39 [95% CI 0.14 – 1.09], I2 11.8%; Figure
2) with a diagnosis of pulmonary sarcoidosis was observed.

[insert Figure 2]
[insert Figure 3]

Subgroup analysis of silica exposure by source of the control group was performed to
explore the impact of the recruitment strategy on observed heterogeneity (Figure 3).
Heterogeneity existed in the at risk of exposure population control studies, likely influenced



by the wide confidence interval of one study 18 resulting from the low participant numbers.
Otherwise, all studies across both the community controls and at risk of exposure
population control demonstrated a similar observed increased odds ratio of pulmonary
sarcoidosis after silica exposure, with low overall heterogeneity in the meta-analysis (I2

33.7%).

Some occupational exposures were reported in a single case control study only –
occupational exposure to organic dust (OR 2.57 [95% CI 1.35 – 5.16]) 26, titanium (OR 3.15
[95% CI 1.02 – 9.68]) 32, vegetable dust (OR 1.82 [95% CI 1.01 – 3.27]) 32, radiation (OR 1.83
[95% CI 1.00 – 3.46]) 21 and photocopier toner (OR 2.91 [95% CI 1.71 – 4.94]) 33 were
associated with increased odds of pulmonary sarcoidosis. Occupational welding fume
exposure was associated with reduced odds of pulmonary sarcoidosis (OR 0.40 [95% CI 0.16
– 0.96]) 21.

Mineralogical Studies

26 studies reported mineralogical analysis of pulmonary sarcoidosis tissue biopsies (tables
S7-8). The majority of these were case reports (n=13) and case series (n=4), whilst the
remaining studies were case control (n=5) and cross-sectional design (n=4). Analysis
techniques were predominantly electron microscopy (TEM, SEM, STEM) with a form of x-ray
diffraction analysis or atomic absorption spectroscopy (AAS). Elemental presence varied but
all studies matched exposures to workplace environment, with some studies matching
spectrum peaks from granulomas to workplace dust samples 35-39. Silica, silicon and silicates
along with metallic elements such as aluminium, titanium, iron, chrome and nickel and
various alloys were identified in such studies.

Nine studies investigated sensitisation using specific LPT (table S9) in pulmonary sarcoidosis.
The majority were case reports (n=4) and case series (n=2), with the remaining studies case
control (n=2) or longitudinal (n=1) design. Beryllium LPT was predominantly used to exclude
chronic beryllium disease, however, positive LPTs to aluminium compounds, nano silica and
zirconium with relevant occupational exposures have been published demonstrating
sensitisation.

Discussion

This systematic review with meta-analyses identified occupational exposure to silica, mould
or mildew and pesticides are associated with increased odds of pulmonary sarcoidosis.
Similarly, single case-control studies demonstrated occupational exposures to inorganic
dusts, titanium, vegetable dust, radiation and photocopier toner are associated with
increased odds of pulmonary sarcoidosis. Equipoise persists concerning the relationship
between occupational aluminium, nickel, metal dust and organic dust exposure and
pulmonary sarcoidosis. The types of occupational exposures associated with a diagnosis of
pulmonary sarcoidosis have been categorised in to six groups: Mineral dust; Mixed dusts +/-
fumes; Organic; Metals; Chemicals; and Radiation.

The large number of airborne occupational exposures associated with a diagnosis of
pulmonary sarcoidosis and these meta-analyses results suggest it is highly probable that



there is no single environmental exposure trigger of sarcoidosis. Instead, one could
hypothesise that various exposures trigger a common inflammatory pathway stimulating a
granulomatous response. Some patients will express identical T-cell receptors in their
granulomata, suggesting a common antigen is responsible 40, whilst genetic variations in
HLA-genotypes amongst others likely influence the phenotype and progression of disease.
Likewise, properties of individual antigens such as aero-diameter size and solubility may
influence lung parenchymal clearance and therefore granuloma persistence. Whilst the
immunopathogenesis of sarcoidosis is beyond the scope of this review, we explore some
potential causation mechanisms of the occupational exposure categories identified in
sarcoidosis.

Silica

Minerals are naturally occurring inorganic solid compounds which have a defined chemical
composition. They take a crystalline-primary form or are manipulated into a secondary
structure. The mechanical breakdown of minerals in industry, through processes such as
grinding, cutting and drilling produce mineral dusts which can be inhaled by humans if fine
enough.

Silica is the most abundant mineral in the Earth’s crust and a common occupational
exposure. Silica-exposed occupations, such as iron foundry 41 and construction work 19,
mining 42 and tunnelling 43 have been associated with a diagnosis of sarcoidosis, as have
occupations and occupational exposures where silica is a component of the exposure, such
as crustal dust 26, desert dust 44, cement dust 38 and sandstorms 45.

Silica exposure is associated with other autoimmune inflammatory conditions, such as
rheumatoid arthritis 46, with a possible dose-dependent relationship 41. The exact
mechanism in rheumatological conditions is unclear, but silica is felt to be linked to
citrullination of peptides (producing antibodies to citrullinated peptides) 47 and disrupted
alveolar macrophage function with the resultant prolonged production of pro-inflammatory
cytokines 48 – a similar process may occur in sarcoidosis.

Misdiagnosis of silicosis as sarcoidosis is possible when an occupational history is
overlooked. Sarcoidosis and silicosis demonstrate overlapping features on thoracic radiology
and histologically in early disease (including histiocytic aggregates and granulomatous
inflammation) 49. Animal models have demonstrated that silica induces pulmonary
granuloma formation after acute high and chronic low dose silica exposure, with a potential
dose-response relationship 50. Reactive oxygen species (ROS) released in response to silica
and silica-activated cells have been shown to increase several inflammatory cytokines, like
TNF- , TGF- and IL-1 51, which in turn promote granuloma formation in sarcoidosis 52.α β β
Whether silicosis and sarcoidosis are part of the same disease spectrum remains unclear, as
does the impact of the type (i.e. respirable crystalline silica, silicate or silicon compound),
dose and duration of silica exposure in sarcoidosis.

Organic Dusts



Organic dusts refer to plant, animal and micro-organism components that may be present in
isolation or as part of a mixture. Dependent on the source, organic dust may contain
proteins, enzymes, bacteria, fungi, endotoxins, mycotoxins and fibres. Differing components
of organic dusts have been associated with a wide variety of pulmonary diseases 53.
Occupational mould or mildew exposure is associated with increased odds of sarcoidosis in
our meta-analysis, with similar findings in studies of non-occupational environmental
exposures 54. Mould generally refers to fungal growth which reproduce by generating spores,
which can be airborne. Greaves et al 55 recently demonstrated the presence of Aspergillus
nidulans in HLA-DRB1*03 genotypes in Lofgren Syndrome compared to controls, suggesting
the importance of a genetic-environmental interaction in the onset of sarcoidosis.

More widely, meta-analysis demonstrated increased microorganism DNA and protein
antigen presence (from Propionibacterium acnes, mycobacteria, borrelia and HHV-8) in
histological and cellular samples of patients with sarcoidosis 56. Likewise, patients diagnosed
with sarcoidosis have increased serological type-1 t-helper cell immunological responses to
several mycobacterium species 57. Musty and mouldy odours have been associated with
micro-organism presence even when there is no visible growth 58 and were associated with
sarcoidosis in the ACCESS study 6. Other forms of organic dust, such as vegetable dust 32 and
a generic ‘organic dust’ 26 are associated with increased odds of pulmonary sarcoidosis in
this review, but it is unclear whether this relates to the exposure itself or microbial
contamination, comparable to contamination of floor dust, heat pumps and condensation
drain tubes seen in building clusters of sarcoidosis 59.

Chemicals

Chemicals are molecular mixtures with constant composition characteristics used or
produced in a reaction involving changes to atoms and/ or molecules. Chemicals are diverse
with varied pulmonary effects when inhaled. Therefore, in our systematic review, this
category refers primarily to pesticides where increased odds of pulmonary sarcoidosis were
shown in the meta-analysis. Pesticides is a term that includes over a thousand chemical
substances predominantly used on crops and livestock, including insecticides, herbicides and
fungicides. Respiratory exposure occurs due to fumigation or mixture preparation and has
been associated with asthma 60 and chronic obstructive airways disease (COPD) 61 –
potentially mediated by eosinophilic airway inflammation 62 or ROS production 63. Pesticides
such as paraquat 64, organophosphate, carbamate, neonicotinoid insecticides and
bipyridylium herbicides have all been associated with impairments in respiratory function 65,
whilst in rats, the fungicide hexachlorobenzene when ingested led to microgranuloma
formation in the lung 62. Diverse chemical compositions and mixtures of pesticides along
with their varied methods and environments of application (i.e. open fields, greenhouses)
make interpretation of dose-response and other relationships challenging.

Chemicals have the potential to damage pulmonary epithelium, triggering inflammation,
which produces increased amounts of ROS in the lungs 66. ROS are elevated in sarcoidosis 67,
whilst total anti-oxidant capacity and levels are lowered with increased levels of TNF- andα
inteleukin (IL)-8 68. Oxidative stress is increasingly associated in the onset of sarcoidosis 69

and could explain why various chemicals are associated with the onset of pulmonary



sarcoidosis, due to the direct insult on the alveolar epithelium which stimulates oxidative
stress and damage.

Occupational exposure to photocopier toner increased the odds of pulmonary sarcoidosis in
a single study 33. Whilst this has been categorised as a chemical, copper, iron and silicon
within the photocopier toner may be responsible for granulomatous lung disease 70.
Conversely, photocopier toner and ink is widely available, yet no association between
exposed occupations and pulmonary sarcoidosis established. This highlights a common
challenge epidemiologists and clinicians alike face when attempting to determine if
association or causation is present between exposure and disease.

Metals

A metal is an element which under biologically significant conditions may react by losing
electrons to form cations. Metals possess properties that stimulate antigen-specific cellular
immune responses, which have potential to induce similar clinical and pathological
conditions to sarcoidosis 71. It is likely that a portion of diagnosed sarcoidosis relates to metal
induced granulomatosis - aluminium, copper, titanium and zirconium have all been
associated with formation of non-caseating granuloma in the lungs 72. Iron, copper,
cadmium, chromium and nickel possess the ability to produce reactive radicals, most notably
ROS 73. In our review, equipoise persists for aluminium, nickel and general metal dust
exposure with sarcoidosis, whilst a single case-control study 32 of titanium showed a
statistically significant association. It is important to recognise that individuals are rarely
exposed to these metals in their elemental form and more likely as a salt or oxide 74 – the
physical, biological and toxic properties, intracellular effects and pulmonary antigen
clearance times will therefore alter and require consideration in future studies.

Mineralogical studies demonstrate presence of aluminium, titanium and iron in granulomas
of pulmonary biopsy samples (tables S7-8), which relates to an occupational source and
suggest causation. Meanwhile, hypersensitivity has been demonstrated by LPT to
aluminium, titanium and zirconium (table S9) and is similar to that observed in CBD 75.
However, therein lies a diagnostic conundrum – is this true sarcoidosis, sarcoid-like disease
or granulomatous disease of a known cause? The lack of clear diagnostic criteria is exposed
throughout this review and as a result, some studies, such as Redline, et al 76 have been
excluded where an alternative but similar diagnosis to sarcoidosis has been made.

Mixed Dusts +/- Fumes

This category is a combination of dusts, fibres, particles and fumes, the content of which are
difficult to determine. The WTC dust cloud generated after the WTC buildings collapsed on
9/11 was a complex mixture of substances, including, but not limited to cement dust, iron,
synthetic organic materials, combustion products, asbestos, silica, glass fibre, heavy metals,
polycyclic aromatic hydrocarbons and chlorinated products 77. A single case-control study of
WTC dust 30 met the eligibility criteria for this meta-analysis due to the data available and
methodology applied to avoid duplication bias; however, published cohort studies have
assessed the longitudinal impact on respiratory health 78-79. New York firefighters exposed to
the WTC dust cloud had significantly elevated incidence rates of sarcoidosis in the



subsequent 12 months from exposure (86 per 100,000 workers) 79 compared to the pre-9/11
incidence rate (15 per 100,000 workers), whilst overall the incidence rate of sarcoidosis
increased after WTC dust cloud exposure (229 per 100,000) 78. A strong association between
the onset of sarcoidosis following WTC dust exposure and HLA-DQB1 gene variants has also
been identified 80. Whilst the WTC disaster provided evidence of the environmental role in
the onset of sarcoidosis, it is not possible to elicit the underlying mechanism, or indeed the
specific exposures responsible. This is not an isolated trend in first responder emergency
workers, with a previous study showing higher incidence proportions and point prevalence
of sarcoidosis in firefighters, compared with emergency medical services (EMS) health care
workers (HCWs) 81.

Mineralogical Studies

Mineralogical studies may develop our understanding of the composition and triggers of
granuloma formation in sarcoidosis. Studies that employed EDXA, AAS, TEM and STEM have
begun to build a picture of the mineral content of granulomas in sarcoidosis. Mineral and
metal elements have been demonstrated in granulomas, including silica, aluminium,
titanium, nickel, iron and zinc with some studies identifying the presence of multiple
elements in the same granuloma (tables S7-8). A suggestion of causation in sarcoidosis is
stronger when the peak signals of granulomas are matched to workplace samples 35-39.

Whether elemental properties lead to persistent inflammation or immune dysregulation is
unknown, whilst an understanding of the interaction of multiple elements present in
granulomas is limited. A study of LPT in sarcoidosis 27 demonstrates sensitisation to elements
which have been identified in mineralogical studies (tables S7-8), suggesting these minerals
might be responsible for stimulating T-cell responses seen in granulomas and subsequent
sensitisation. However, the latency period between exposure and granuloma formation,
exposure dose and duration remain undefined. It is possible that different exposures lead to
different phenotypes of sarcoidosis 20.

Genetic-Immunologic-Environmental Interactions

Many occupational exposures have been associated with sarcoidosis across the literature,
suggesting it is highly unlikely there is a single causative antigen of sarcoidosis. It remains
probable that sarcoidosis results from a complex genetic-immune-environmental
interaction. The ACCESS study remains unique in investigating the relationship of HLA
genotypes and occupational exposures (e.g. HLA DRB1*1101 with insecticide exposure and
musty odours), relating this to specific sarcoidosis phenotypes (e.g. extra-pulmonary disease
or cardiac disease) 32. Following the WTC-disaster, variants of HLA and non-HLA genotypes
were identified in WTC-dust exposed firefighters who had been diagnosed with sarcoidosis
compared with exposed colleagues who had no diagnosis of sarcoidosis 82. More recently,
Ronsmans et al 20 demonstrated that the type of occupational exposure was associated with
sarcoidosis phenotype (e.g. contact with livestock with pulmonary only, liver or splenic
disease). The authors postulated pulmonary antigen clearance mechanisms, as well as
particle surface properties, size, chemical composition and solubility, may influence organ
involvement. To date, few studies have combined genetic studies with environmental
exposures, hence this should be a focus of future research.



Strengths, Limitations and Implications of this Review

This is the first meta-analysis of the association between specific airborne occupational
exposures and a diagnosis of pulmonary sarcoidosis. Our inclusion criteria specified that the
airborne occupational exposure occurred prior to the diagnosis of sarcoidosis – whilst this
meant the exclusion of larger retrospective cohort studies comparing occupations and
occupational exposures on death certificates of people with sarcoidosis 83, it enables
discussion concerning a causal relationship. The compendium produced will help direct and
focus future research on potential environmental causation in sarcoidosis, given the clinical
equipoise that remains.

The main limitations inherent in the included studies, were methods of exposure
assessment. The majority of studies identified occupational exposures through either the
application of a job exposure matrix (JEM) or an expert opinion or review of patient
occupational histories. These are pragmatic and well-practiced epidemiological methods for
assessing causative exposure in large population-based studies. However, under or
over-estimations of the exposures has likely occurred, alongside insufficient information on
dose, duration, latency and frequency of the occupational exposure available. The variability
in exposure assessment and confirmation, alongside the unknown characteristics of the
exposure account for a significant proportion of the heterogeneity seen between studies.
Furthermore, many of the included observational studies are vulnerable to a range of biases
(tables S6a-e). Finally, some population level studies may include cases of pneumoconiosis
and other pulmonary granulomatous diseases (such as hypersensitivity pneumonitis) that
have been misdiagnosed as sarcoidosis, as a result of their clinical and radiological
similarities or oversight of an exposure history. However, inclusion criteria for most studies in
this review included a histological diagnosis of sarcoidosis, minimising this effect.

Whilst this review identifies the role of specific occupational exposures in the onset of
sarcoidosis, it also generates further questions. It is unclear if patients with an identified
occupational exposure should be diagnosed as sarcoidosis, or whether a diagnosis of
sarcoid-like reaction or granulomatous disease of known cause should be made, similar to
CBD 84. Alternatively, should the term sarcoidosis be more inclusive but with
acknowledgement of various phenotypes, of which occupational causes is one? Finally, it is
unclear whether exposure elimination maybe an effective strategy - studies of WTC dust 85

and CBD 86 suggest a potential role.

Conclusion

Occupational silica, mould or mildew and pesticide exposure are associated with increased
odds of pulmonary sarcoidosis, whilst equipoise persists with occupational metal and
generic organic dust exposure. The number of exposures identified suggests that it is highly
unlikely a single antigen is responsible for the onset of sarcoidosis – the onset is far more
likely the result of a complex genetic-environment-immunological interaction. Future studies
should examine the potentially complex relationship between genetic factors and airborne
occupational exposures and the mineralogical composition of sarcoidosis granulomas.
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Table



Case-control Studies
Study
and Year

Country of
Study

Sarcoidosis or
Sarcoid-like

Case description Control description Occupational exposures
identified

How exposure identified

Barnard J,
et al. 2005
26;
Newman
LS, et al.
2004 21

USA Sarcoidosis Patients with a new diagnosis
of biopsy-proven sarcoidosis
within 6 months of
recruitment.

Age, gender, ethnicity
and geographically
matched random
controls.

Industrial organic dust; crustal
dust; metal dust/ fume; metal
working fluids; insecticide
exposure at work; exposure to
mould/ mildew at work;
exposure to musty odors at
work; job raising birds;
radiation exposure at work;
animal dust exposure
(vocational and avocational);
gold exposure.

SIC/SOC exposure classification
determined a priori by experts
(not formal JEM).

Beijer E, et
al. 2020 27

Netherlands Sarcoidosis Patients with a diagnosis of
sarcoidosis as per ATS/ ERS
criteria.

Patients with a
diagnosis of obstructive
sleep apnoea.

Silica; metals; chromium;
nickel.

JEM; LPT.

Catinon M,
et al. 2018
28

France Sarcoidosis Patients with a biopsy-proven
diagnosis of sarcoidosis.

Healthy subjects from
Dermscan matched by
age, gender and
smoking status.

Mixed mineral dust Dust exposure questionnaire;
BAL.

Graff P, et
al. 2020 29

Sweden Sarcoidosis Patients diagnosed with
sarcoidosis on nationwide
patient database.

Age, sex, county
matched controls.

Silica Combination of: updated version
of PARCC-JEM; Swedish JEM for
Nordic Occupational Cancer
Study; and Airway Irritant-JEM.

Jordan HT,
et al. 2011
30

USA Sarcoidosis Patients diagnosed with
biopsy- proven sarcoidosis.

Not described. WTC dust cloud Registered on the WTC- health
registry (registers people
exposed to WTC dust cloud).

Kajdasz
DK, et al.
2001 31

USA Sarcoidosis Patients diagnosed with
biopsy- proven sarcoidosis.

Age, sex, ethnicity
matched community
controls.

Insecticides and herbicides at
work.

Questionnaire.



Kucera GP,
et al. 2003
32;

Rybicki BA,
et al. 2004
33

USA Sarcoidosis African-american patients
with a radiological or
histological diagnosis of
sarcoidosis identfied through
the Henry Ford Health System.

Sibling-matched
controls with no
diagnosis of sarcoidosis.

Aluminium; beryllium;
chromium; cobalt; gold; nickel;
platinum; titanium; zirconium;
talc; insecticides/ pesticides;
silica; vegetable dust; animal
dust; hairspray; high humidity;
water damage; mould/
mildew; animals in the
workplace.

Photocopier toner.

Questionnaire derived from
ACCESS study 36; Self report by
patient/ questionnaire.

Levin AM,
et al. 2018
34

USA Sarcoidosis Patients diagnosed with
sarcoidosis.

No diagnosis of
sarcoidosis controls –
not described further.

Aluminium Questionnaire

Rafnsson
V, et al.
1998 18

Iceland Sarcoidosis Patients with a biopsy-proven
diagnosis of sarcoidosis
identified from a national
register.

General population
controls.

Silica Workplace records/
measurements

Cohort Studies
Study
and Year

Country of
Study

Sarcoidosis or
Sarcoid-like

Study Cohort description Occupational exposures
identified

How exposure identified

Jonsson E,
et al. 2019
19

Sweden Sarcoidosis Workers registered on the Swedish Construction Workers
Cohort database. Construction workers with a diagnosis
of sarcoidosis compared to those without a diagnosis.

Silica JEM

Table 1: Case-control and Cohort Studies of Occupational Exposures associated with a diagnosis with Pulmonary Sarcoidosis
Abbreviations: SIC, Standard Industrial Classifications; SOC, Standard Occupational Code; JEM, Job Exposure Matrix; LPT, Lymphocyte Proliferation Test; OSA, Obstructive Sleep Apnoea
syndrome; BAL, Bronchioloalveolar Lavage; TEM, Transmission Electron Microscopy;; PARCC, PARticles and Cardio- and Cerebrovascular diseases; WTC, World Trade Center; ACCESS, A Case
Control Etiologic Study of Sarcoidosis 36.
Note: some study populations are included in multiple publications – merging of some information has occurred to reflect this






