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ABSTRACT ARTICLE HISTORY
Objective: Exposure to coal dust can cause interstitial lung disease (ILD), but whether this is due Received 25 May 2016

to pure coal or to the contents of quartz in coal is less clear. Here, we systematically reviewed the Accepted 16 November 2016
relation between ‘pure coal’ and ILD.

KEYWORDS
Methods: In a systematic review based on PRISMA criteria 2945 articles were identified. Strict — ining. coal dustcoal
eligibility criteria, which evaluated the ‘pure coal effect’, led to the inclusion of only nine studies. workers' pneumoconiosis;
Results: Among these nine studies six studies indicated an independent effect of the non-quartz interstitial lung disease;

part of coal on the development and progression of ILD, two did not demonstrate an effect and non-quartz coal dust; quartz
one was inconclusive.

Conclusions: Although an independent effect of non-quartz coal dust on the development of ILD

is supported, due to methodological limitations the evidence is limited and further evidence is

needed.

Introduction characterized by pulmonary fibrosis. Quartz exposure
is a well-documented cause of ILD named silicosis.
Other causal risk factors for ILD are asbestos (asbesto-
sis), specific drugs, radiation, connective tissue disease
as well as biological and chemical agents (allergic
alveolitis).[6] The prognosis for most cases of ILD is
poor [7] and lung transplantation is the only effective
cure.

Lung diseases associated to coalmine dust are
named according to the exposure suspected to
cause the disease, i.e. coal workers’ pneumoconiosis
(CWP), silicosis and mixed dust pneumoconiosis.
Anthracosis is used both as a synonym for CWP
and as massive carbon deposits seen in the lung at
autopsy. Recently, dust-related diffuse fibrosis
(DDF) has also been described.[3] Risk factors for
CWP are primarily related to airborne dust concen-
tration, exposure duration, and coal characteristics,
e.g. coal rank, quartz and iron content. However,
genetic predisposition might also play a role.[8,9]

Despite the increasing demand for alternative energy
sources, coal is still an important energy source world-
wide. Around 30% of global energy needs are covered
by coal generating 41% of the world’s electricity. It is
used in 70% of the world’s steel production (http://
www.worldcoal.org/resources/coal-statistics/). ~ Based
on statistics from the World Coal Association the
total world coal production reached a record level of
7831 Mt in 2012, which is a 2.9% increase in compar-
ison to 2011, suggesting an increasing coal demand.
Development of lung diseases caused by exposure to
coal dust and coal impurities like quartz and iron has
been studied over the last century. It is well documen-
ted that exposure to coal dust can cause respiratory
disorders.[1-3] The major focus has been on interstitial
lung disease (ILD), although chronic airflow obstruc-
tion is also widely recognized as a health outcome
related to coalmine dust exposures.[4,5] ILD comprises
a group of uncommon and often severe lung diseases

CONTACT Vivi Schliinssen € vs@ph.au.dk
Supplemental data for this article can be accessed here.
© 2016 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://www.worldcoal.org/resources/coal-statistics/
http://www.worldcoal.org/resources/coal-statistics/
http://dx.doi.org/10.1080/20018525.2017.1264711
http://www.tandfonline.com

2 (& C.BEERETAL

Although the association between coal mine dust
exposure and lung disease has been investigated for
decades it is still not clear what components of the
coal dust are actually responsible for disease develop-
ment. Previously there has been a particular interest in
quartz as an important fibrogenic component.[10]
However, some epidemiological and experimental stu-
dies suggest only a minor fibrogenic role for quartz
among coal dust exposed workers.[8] Lung pathology
studies among workers exposed to coal dusts with little
or no silica have documented extensive CWP.[3] An
inverse relationship between quartz and CWP has also
been described,[11] and higher coal rank with
increased iron may correlate with CWP risk.[12]

There are presently no systematic reviews on the
non-quartz part of coal and development of lung dis-
eases, and the aim of our study was to systematically
review what is known about the relation between expo-
sure to the non-quartz part of coal dust and ILD.

Methods
Search strategy

This systematic review is based on PRISMA (preferred
reporting items for systematic reviews and meta-ana-
lyses) criteria,[13] a revision of the QUOROM (quality
of reporting of meta-analysis) guidelines.[14]

The following international databases were used for
the literature search performed April 2014 and updated
in January 2016: the National Library of Medicine
(PubMed), Embase, and the Cochrane Library. In addi-
tion, searches were performed in the Scandinavian
databases bibliotek.dk and SveMed+. The literature
search was performed by CB based on the search
steps shown in Supplementary Table A. Depending
on the database, we included papers published in
English, Danish, Swedish, and Norwegian. All articles
were reviewed independently by two authors. Both
reviewers had to agree on an article before it was
included for data extraction. The selection of articles
was based on the following eligibility criteria: epide-
miologic peer-reviewed studies on relevant exposure
and outcome including case-control, cross-sectional
and follow-up studies with an external control group
or exposure contrast in the exposed group. As our
objective was to investigate the relation between the
non-quartz part of coal exposure and ILD, it was a
prerequisite for inclusion of a study that the quartz
content was taken into consideration. Specifically, arti-
cles were only included if both the mineral fraction and
the pure coal fraction of dust was given. Furthermore
mutual adjustment of the ‘pure coal effect’ for the

‘mineral dust effect’ in a multiple regression type of
analysis or a stratified analysis which allows evaluation
of the ‘pure coal effect’ was required for inclusion.

ILD (including pneumoconiosis and CWP) was the
relevant outcome. As the retrieved literature covered
several decades, the diagnostic criteria varied over time.
The ILD diagnosis was either clinical or based on death
certificates or pathology. The clinical diagnosis of ILD
was based on X-ray films, lung function or both.

The literature search resulted in a total of 2665
unique articles. Based on title or abstract 2440 articles
were excluded. After reading of 225 full papers, eight
articles were regarded suitable for data extraction. For
details see Supplementary Table A.

An additional search for reviews and meta-analysis
on coal exposure and ILD was performed. The search
term was ‘coal’ and the search was limited to systematic
reviews, meta-analysis, and Cochrane-reviews in
English that were officially categorized as these article
types by the used databases. Based on snowball search,
where the references in the eight original articles and
the 486 identified reviews/meta-analysis were screened
for relevant studies one additional article was identi-
fied. Thus a total of nine studies were included.

Data extracted from the articles are presented in
Table 1 and include publication year, country where
the study was performed, study design, study period
and study population, number of exposed and controls,
age and age range, exposure levels and duration, how
the exposure assessment was performed, the presence
or absence of exposure-response analysis, outcome,
and covariates accounted for.

Results
Description of included papers

The results of the included studies are summarized in
Table 1. Seven studies were based in the UK;[15-20,22]
one was performed in Germany [21] and one in USA.
[23] The included studies originated mostly from open
cohorts of mineworkers employed in specific mines
followed several years with exposure measurements
and chest X-rays. The performed analyses were either
cross-sectional,[15,17-20,22] longitudinal with average
follow-up periods between 9.3 [21] and 21 years [23] or
nested case control studies.[16,18] The study popula-
tions varied between 21 [16] and 8829 [21,23] (median
number of participants 371). The mean age was
between 43 years [18] and 52 years [17,18,24] and the
age range in the studies was between 35 [17] and
74 years.[22] In most of the studies in Table 1 neither
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the mean age nor age range was specified.[15,16,19-21]
The study population in all studies was solely males.

All follow-up and cross-sectional studies compared
exposure levels within coal miners and did not have
external exposure groups.[15,17,19-23]

The studies by Seaton et al. [16] and Buchanan et al.
[22] investigated the same mine; however, in different
subpopulations and with different study designs and
set-ups. The same was true for the studies by Jacobsen
et al. [17] and Hurley et al. [18]. Furthermore, a study
by Morfeld et al. [25] has been excluded as a subset of
the study population was already included in [21].

Exposure measurements

The exposure measurements were performed with
gravimetric personal or area dust sampling in all stu-
dies and were given as average mean exposure mg m "
or average cumulative exposure g h m™ (gram per
cubic metre (g m™>) multiplied by duration of exposure
in hours (h)) for coalmine dust and quartz, respectively
(Table 1). The quartz content varied between 1% [18]
and 13%.[16] The exposure duration was between
>10 years [18] and up to 44 years.[20] In two studies,
the exposure duration was not stated.[15,19] The study
population described by Seaton et al. [16] was exposed
between 30,000 and 70,000 h and in the study of
Buchanan et al. [22] the exposed individuals were on
average exposed to coalmine dust for 8000 h.
Cumulative exposure to respirable dust and respirable
quartz was in most studies assessed from work dura-
tion in specific tasks or jobs times the average mea-
sured exposure in each of the tasks/jobs.[15-23] In two
studies among deceased coal miners, exposure was
assessed as coal dust and quartz content in the lung
tissue using infrared spectrophotometry, X-ray diffrac-
tometry or fluorescence analysis.[15,19] Covariates that
were accounted for included quartz (all studies); age,
[16,22,23] and smoking.[18,22,23] Except for three stu-
dies,[15,18,19] exposure-response analyses were per-
formed in all studies.

Adjustment for quartz content

The quartz dust content was taken into consideration
in different ways. Buchanan et al. [22] adjusted for
cumulative quartz exposure using general exposure
index (GEI) models based on the mean quartz concen-
tration for each period, the number of hours worked,
and the time from exposure period to follow-up. Work
hours and periods were collected from exposure history
questionnaires.[22] A detailed analysis of the coal dust
samples by infrared spectro-photometry using the KBr

EUROPEAN CLINICAL RESPIRATORY JOURNAL e 5

disc methods were performed by Seaton et al. [16] and
Jacobsen et al. [18]. They report precise information on
the carbon and quartz content in the lungs that allowed
for a direct comparison of X-ray progression index and
carbon and quartz content.[16,18] In their study from
1997, Morfeld et al. [21] used Cox regression modelling
with time-dependent covariates including quartz to
estimate the relative risk of opacities in relation to the
non-quartz component. Hurley et al. [17] used a
micro-infrared technique and infrared spectroscopy
for samples that were taken during the last 10 years
of the study. The assessment of the quartz concentra-
tion by Douglas et al. [19] and Ruckley et al. [20] was
done after pathological examination on autopsies and
the dust composition (coal, quartz, etc.) was deter-
mined on samples of whole dried lung tissue by calcu-
lating the weight loss after ashing (coal) and infrared
spectrophotometry (quartz), or in the case of Casswell
et al. [15] by using X-ray diffractometry and fluores-
cence analysis. Graber et al. [23] used data from the
Mine Safety and Health Administration to estimate the
amount of respirable quartz dust exposure for job
groups and assigned an individual cumulative quartz
exposure estimate to each study participant.

Diagnostic criteria

The studies were performed between 1981 and 2010,
covering nearly 30 years with different diagnostic cri-
teria. Except for Douglas et al. [20] who based the diag-
nosis on autopsies, the evaluation of lung opacities and
diagnosis of ILD was based on the most recent
International Labour Organization (ILO) classification
scheme that was valid at the time of publishing.[15-
19,21-23] The guidelines were updated in 2011.[26]
Most versions define four categories (0, 1, 2 and 3) that
are based on profusion of small opacities, where 0 indi-
cates an absence of opacities or opacities less than for
category 1. There are 12 subcategories. Examples of
categorization are 0/1, 1/0, 1/1, etc., where the first figure
denotes the category which best matches the X-ray image
and the second figure indicates the subcategory that has
been considered as an alternative. The studies included
between one reader,[16] up to the mean of 11 readers
[15] evaluating development or progression of opacities.
In one study consensus was reached between two to
three readers,[21] and one study defined progression if
at least three out of five readers agreed on this.[18]

Associations between coal dust and ILD

Buchanan et al. [22] found no significant association
between cumulative respirable dust and opacities 2/1+
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after adjustment for quartz. However, the absolute risk
for opacities 2/1+ after 15 years’ exposure to non-
quartz respirable dust was 0.8%. Seaton et al. [16]
found that cases (change in opacities progression of
at least 1+) had been exposed to higher % quartz but
lower % coal and concluded that quartz might be an
important factor in the development and rapid pro-
gression of opacities. Jacobsen et al. [18] came to the
same conclusion. They reported a mean difference
between cases (cases defined as opacities progression
of at least two categories) and controls of respirable
mixed dust of 5.2 g h m™ and quartz of 0.75 g h m™.
The mean difference of quartz % in mixed dust was
1%. However, they also found that not all cases with
progressive massive fibrosis had higher exposures to
quartz than corresponding controls.[18] Morfeld et al.
[21] did not find a relationship between cumulative
coalmine dust exposure and abnormal radiological
findings. However, they report a strong mine effect
on the development of opacities 1+ that could not be
explained by dust or quartz concentration. Hurley et al.
[17] reported a strong effect of cumulative dust expo-
sure on the occurrence of opacities 2/1 even after
stratifying by cumulative quartz exposure, and the
effect of dust on the opacities could not be explained
by quartz or ash (mineral part of the coal). However,
high quartz concentrations had an effect on rapid pro-
gression of opacities. Douglas et al. [20] found that
lung lesions increased with whole dust and ash depos-
its; however, it was not possible to evaluate the quartz
effect properly. For exposure to low rank coal Ruckley
et al. [18] showed that the increase in radiologic profu-
sions was most closely related to the ash component,
whereas for exposure to high rank coal, that is bitumi-
nous and anthracite coals with a high carbon content,
both coal dust and ash content were each associated to
radiological profusions. This is in agreement with the
findings of Casswell et al. [15] who showed that both
coal and mineral dust in lung tissue were associated to
the radiological findings. Graber et al. [23] found
hazard ratios between 1.17 and 2.58 for respirable
coal dust and pneumoconiosis mortality after adjust-
ment for quartz. In addition, the effect depended on
the mine and was highest for hard coal mines.

Discussion

Among nine studies six indicated an independent effect
of non-quartz/non-mineral coal dust on the develop-
ment of ILD. It is evident that major methodological
limitations are present in most studies.

The objective of this review was to investigate spe-
cifically which role the non-quartz part of coal dust

plays for the risk of ILD, and articles were only
included when either information on the quartz level
was available or when the data were adjusted for the
quartz fraction of the coal. Several authors have ques-
tioned the importance of quartz in coal dust, as quartz
has been found to be a minor contributor to ILD
among coal dust exposed workers.[8,27] There are
studies where quartz could not be attributed either to
CWP or progressive massive fibrosis [28-33] unless the
quartz concentration exceeds 10%. This was confirmed
in in vivo animal studies of rats where coal dust was
supplemented with different concentrations of quartz.
[8,34-36]

Three studies aimed at investigating the effect of the
quartz on the occurrence of opacities and thereby
indirectly stating the effect of the non-quartz part of
the mixed coalmine dust.[16-18] In Hurley et al. [17],
a large study with a high quality exposure assessment,
they excluded an effect of ash. As ash is the mineral
part of coalmine dust they thereby stated that the
carbon part was responsible for the development of
opacities. The study by Jacobsen et al. [18] investigated
progression of opacities. The authors concluded that
rapid progression of opacities was due to high quartz
content but they also found that exposure to quartz was
not the sole factor responsible for progressive massive
fibrosis.[18]

When quartz was accounted for in Buchanan et al.
[22] the predicted risk to develop opacities 2/1+ after
15 years exposure was still 0.8%, and also Graber et al.
[23] found a hazard ratio for cumulative respirable coal
dust after adjustment for quartz between 1.17 and 2.58,
depending on the mine. Furthermore, Ruckley et al.
[15] and Casswell et al. [19] showed an effect of the
carbon part of the mixed coalmine dust on the appear-
ance of opacities. Both studies were performed directly
on the lungs of deceased coal miners and measured the
characteristics and concentrations of the recovered
lung dust. Ruckley et al. [19] found that both the coal
dust and the ash concentration increased in the lungs
in relation to radiological profusion. However, this
effect was only seen for high rank coal. The study of
Casswell et al. [15] showed as well that the coal dust
but also the mineral dust increased in the lungs in
relation to the radiological score. The strength of
both studies is that the depositions of the mixed coal-
mine dust are directly measured. However, both stu-
dies did not give any details on the exposure level,
exposure duration and did not account for any con-
founders. Seaton et al. [16] and Morfeld et al. [21] did
not show a relation between the non-quartz part of
coalmine dust and the appearance of opacities. In
Morfeld et al. [21] they used a different methodology



using small size films that are not compatible with ILO
standards. From the study performed by Douglas et al.
[20] it was not possible to evaluate the effect of the
non-quartz part of the mixed coal mine dust. However,
an increasing amount of mixed coal dust and ash
deposits increased the observed lesions in the lungs.

There are no systematic differences in the studies
supporting or refuting an independent effect of non-
quartz/non-mineral coal dust on development of ILD
with regard to study design, or exposure assessment.
Morfeld et al. [21] was the only study who partly used
small size films, and this might have underestimated
the number of opacities and could explain the strong
mine effect reported by the authors. The levels were
substantially higher in the positive studies, roughly
150,000 mg h m™ [17,22,23] compared to the negative
studies, roughly 30,000 mg h m™.[16,18] The only
three studies that adjusted for age, smoking and quartz
supported an independent effect of non-quartz/non-
mineral coal dust on development of ILD.[18,22,23]

There are several limitations in the included studies.
Most of the analyses were cross-sectional and informa-
tion about dropout rates was not given.[15,17-20,22]
Due to the comprehensive objective quantitative expo-
sure assessment in most studies, information bias is
probably not an issue. However, selection out of the
cohort is likely and its effect on the measures of asso-
ciation presented in the different studies cannot be
properly evaluated. With increasing cumulative coal
dust exposures, miners may experience increasing
respiratory symptoms, FEV; (forced expiratory volume
in one second) losses, and declines in diffusing capacity
for carbon monoxide [35] and therefore might be
prone to leave the coal mining industry.

There were no studies addressing the pure carbon
part of coal dust. Different methods have been used in
all the studies to take quartz into account by modelling,
adjustment or by simple subtraction. However, it
remains a drawback that studies with populations
exposed to pure carbon alone are not available.

All study populations consisted solely of males.
Therefore, this review provides no information about
particular risks of these exposures for females caused
by possible gender specific susceptibility as smaller air-
way calibres [37] or hormonal factors.[38] Another
limitation is the exclusion of papers not published in
English or Nordic language journals. Parts of the world
have extensive coal mining activities, for example
Germany, South America and China, and publications
from those countries in their native languages are not
included in this review. One can imagine that positive
studies are more easily published in high ranking
English journals, leaving the negative studies to the
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native language journals. At least for controlled trials
it does not seem to impact the results of meta-analysis
substantially,[39] but we cannot be sure that leaving
those out from the review may have impacted the
overall result and limited the external general validity
of this systematic review.

According to the followed PRIMA criteria [13] two
persons after an initial independent selection have to
agree on included and excluded papers. However, the
majority of papers were excluded based on screening of
titles and abstract. Given the large amount of papers
identified in the first place (2941) it is possible that
some relevant papers were not included. The procedure
with two persons limits this risk, but does not comple-
tely remove it. We do not think this possible false
discarding of one or more papers depended on the
result of the study, and therefore we do not think it
has seriously biased our overall conclusions in the
review.

Smoking was only taken into account in a few stu-
dies.[18,22,23] Smoking is regarded a risk factor for
most subtypes of ILD, including idiopathic pulmonary
fibrosis,[40,41] also for parenchymal opacities (>1/0),
and it is suggested that smoking is a true risk factor as
well as an effect modifier.[42] As most studies were
adjusted for neither smoking nor age or person-year
the results may in general overestimate the effect of
coal dust as cumulative exposure to coal dust and
cumulative exposure to smoking is probable correlated.

Another limitation might be associated with the
diagnosis of ILD, in the included papers stated as
CWP. CWP and silicosis are subtypes of ILD defined
by the type of exposure (coal and quartz, respec-
tively), which is an obstacle when aiming to investi-
gate these associations. All included papers, though,
have used these terms, and therefore they are also
used in this review. The identification and diagnosis
of CWP is traditionally based on exposure history
and respiratory symptoms in combination with radi-
ological changes (opacities) based on routine chest
radiographs (including digital radiographs) excluding
other causes of fibrosis.[3,43] The presence and the
severity of CWP is classified using the ILO classifica-
tion system where CWP is classified according to the
number, size, and shape of small opacities using
standard reference films developed by the ILO.[44]
The ILO criteria used differed between the studies,
and included between one reader [16] and up to 11
readers [15] with a variable agreement. In addition, a
limitation of film-based chest radiographs is their low
sensitivity. Pathologic abnormalities have to be mod-
erate to severe before they can be detected with
certainty in comparison to current digital radiological
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techniques. In a current clinical setting for diagnos-
ing ILD, lung function test and radiological findings
are combined with high-resolution computed tomo-
graphy and in uncertain cases lung biopsy.
Furthermore, progressive massive fibrosis might be
confused with carcinoma, tuberculosis, or bacterial
infectious lesions,[44] and this might affect the find-
ings in the included studies.

ILD in coal dust exposed workers may be complex.
Lesions typical for silicosis were found in conjunction
with CWP in 8% of autopsied lungs from coal workers
employed in modern US conditions, and in 28% of
lungs from those who had worked before regulation
of dust exposure.[45] Classical chest radiography is not
able to distinguish between CWP and silicosis, and
tissue examinations are preferable for a reliable deter-
mination of the diagnosis, as done in the studies by
Ruckley et al. [15] and Casswell et al. [19], which both
showed an effect of the carbon part of the mixed coal
mine dust on the appearance of opacities.

It is biologically plausible that the pure carbon part
of coal dust can induce lung opacities. Important fac-
tors for the uptake and fate of coal dust particles in the
lungs include the chemical and morphological proper-
ties of the dust particles as well as lung volume, breath-
ing rate and depth.[46] The coal dust particles might
produce ROS (reactive oxygen species) directly at the
particle surface through surface radicals and ions.
Increased formation of ROS has been associated with
a number of diseases and has been shown to induce
damage to cell membranes, increased lipid peroxida-
tion, oxidation of proteins, and DNA damage.[46]

Dust from anthracite coal has been associated with
higher cytotoxicity and pathogenicity than dust from
bituminous coal. This has been explained by the higher
amount of free radicals at the surface of anthracite coal
dust particles.[45,47,48] In addition, the porous surface
of the coal dust particles leads to a large surface area
where compounds like benzene, phenol, and methylene
that are present in the coal-mining atmosphere can be
adsorbed.[45] The stronger toxicity of high rank coal
was supported by Graber et al. [19] and Ruckley et al.
[23]. This is in agreement with other studies that found
higher rates of CWP for anthracite coal compared to
bituminous coal.[49,50] Graber et al. [19] and Ruckley
et al. [23] also found this higher effect for the non-
quartz part of the mixed coal mine dust in high rank
coal mines, suggesting that the higher amount of free
radicals at the surface of anthracite coal dust particles
plays an important role in the toxicity of mixed coal
mine dust. However, in a recent review on several
Chinese studies Mo et al. [51] showed similar CWP

risk for anthracite (5.38; 95% CI 2.11, 10.04) and bitu-
minous coal (5.88; 95% CI 2.21, 11.16).

Based on the six included studies with available data
(five from UK and one from USA), the cumulative coal
mine dust exposure level was roughly calculated to
100,000 mg h m™ with exposure duration between 3.8
and 33 years.[16-18,20,22,23] The levels were signifi-
cantly higher in the positive studies compared to the
negative studies. Most studies revealed a positive dose—
response relation between coal mine dust and ILD,
[17,20,22,23] but it was not possible to rule out dose-
response relations for the pure coal fraction of the dust.
There is clear indications of a declining trend for coal-
mine dust in both the UK from 1970-1979 [52] and in
Germany from 1984-1998.[25] In Buchanan et al. [22]
they included measurements from 1954-1980 and found
that after 15% years exposure with non-quartz-respirable
dust 0.8% had developed ILD. So all together, given a
true causal association between pure coal dust and ILD,
we judge the absolute risk to be low.

Conclusion

Most of the included studies suggest an independent
effect of non-quartz /non-mineral coal dust on the devel-
opment of ILD. The majority of the analyses were cross-
sectional and in all studies, quartz exposure was present
to some degree, whereas smoking and age was rarely
taken into account. The diagnosis of ILD was not based
on current clinical definitions. Of note, none of the stu-
dies included women in their investigations, so no con-
clusions can be made for women exposed to coal dust.
We find that the degree of evidence of a causal asso-
ciation between pure coal dust exposure and ILD is
limited. In order to strengthen the evidence, well con-
ducted follow-up analyses on workers exposed to coal
dust with no or very low mineral content are needed.
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