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Abstract

Asbestosis is a common differential diagnostic dilemma in diagnostics of interstitial lung diseases
(ILDs). Previous research on prognosis-associated factors in asbestosis has been sparse.
Nowadays, pharmacological treatment of ILDs is evolving, and information of prognostic factors
in asbestosis is thus important.

We investigated clinical features, lung function parameters and bronchoalveolar lavage (BAL)
fluid findings as well as their association with survival in asbestosis patients treated in Oulu
University Hospital during the years 1996-2015.

We observed that a high percentage of neutrophils (6.5%) was a typical BAL cell count in
asbestosis patients. Smoking and BAL asbestos bodies (ABs) were associated with BAL cell
profile. Non-smoking asbestosis patients had a high percentage of lymphocytes in BAL (25%). A
high number of BAL ABs and low lymphocyte, high neutrophil and high eosinophil differential
counts were associated with shortened patient survival.

Decreased diffusion capacity (DLCO) (65%) and restriction in spirometry were common
changes in lung functions at the time of diagnosis of asbestosis. Risk predicting models, i.e.,
gender, age and physiologic variables (GAP) and composite physiologic index (CPI), in addition
to DLCO, were useful in predicting survival in asbestosis. The median estimated survival in GAP
stage I, IT and I1I was 171, 50 and 21 months, respectively.

Asbestosis patients had several comorbidities. Almost all of the patients had pleural plaques
(96%). The next most common comorbidities were coronary artery disease (67%) and chronic
obstructive pulmonary disease (54%). Relatively common were also malignant diseases (36%).
Median survival of the patients was about ten years (125 months) after the asbestosis diagnosis
and the patients were on average 79 years at the time of death. The most common underlying cause
of death was asbestosis/lung fibrosis (36%) and the most common immediate cause of death was
pneumonia (38%). Coronary artery disease and lung cancer were both common causes of death
(24% and 10%, respectively), and they both related to mortality in adjusted analyses.

The information of the clinical features of asbestosis observed in our study could be utilised in
differential diagnostics of ILDs. Several novel factors were observed which may be useful in
evaluating the prognosis of asbestosis patients.

Keywords: asbestosis, bronchoalveolar lavage, cause of death, comorbidity, diffusing
capacity, interstitial lung disease, spirometry, survival
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Tiivistelmd

Asbestoosi on yleinen interstitiaalisten keuhkosairauksien erotusdiagnostiikassa huomioitava
sairaus. Tutkimustieto asbestoosin ennusteeseen vaikuttavista tekijoistd on ollut vahiista. Inters-
titiaalisten keuhkosairauksien ladkehoito kehittyy, minka vuoksi tieto ennusteeseen vaikuttavis-
ta tekijoistd on tarkeda.

Tutkimme sairastuneiden ominaisuuksia, keuhkojen toimintakokeiden ja keuhkohuuhtelunes-
tendytteiden (BAL) tuloksia seké niiden vaikutusta ennusteeseen asbestoosipotilailla, joita oli
hoidettu Oulun yliopistollisessa sairaalassa vuosina 1996-2015.

Havaitsimme, etti asbestoosipotilailla oli BAL:ssa suuri neutrofiilien osuus (6,5 %). Tupa-
kointi ja BAL:n asbestikappaleiden mééra olivat yhteydessd BAL-soluerittelyloydokseen. Tupa-
koimattomilla asbestoosipotilailla oli BAL:ssa suuri lymfosyyttien osuus (25 %). Suuri asbesti-
kappaleiden lukumaéré, pieni lymfosyyttien, suuri neutrofiilien ja suuri eosinofiilien osuus oli-
vat yhteydessi lyhyempéén elinaikaan.

Keuhkojen toimintakokeissa alentunut diffuusiokapasiteetti (65 %) ja spirometrian restriktio
olivat tyypillisid 10ydoksid. Riskinarviomallit GAP (gender, age and physiologic variables) ja
CPI (composite physiologic index) olivat diffuusiokapasiteetin liséiksi toimivia asbestoosipotilai-
den ennusteen arvioimisessa. Keskiméardinen elinaika GAP-luokissa I, II ja IIT oli 171, 50 ja 21
kuukautta.

Asbestoosipotilailla oli tyypillisesti useita liitinnéissairauksia. Lahes kaikilla potilailla
havaittiin pleuraplakkeja (96 %). Sepelvaltimotauti (67 %) ja keuhkoahtaumatauti (54 %) olivat
seuraavaksi yleisimmat liitdnndissairaudet. Suhteellisen yleisid liitdnnéissairauksia olivat myds
syopétaudit (36 %). Mediaanielinaika oli noin kymmenen vuotta (125 kuukautta) asbestoosi-
diagnoosin ajankohdan jilkeen ja potilaat olivat kuollessaan keskiméérin 79-vuotiaita. Yleisin
peruskuolinsyy oli asbestoosi (36 %) ja yleisin viliton kuolinsyy keuhkokuume (38 %). Sepel-
valtimotauti ja keuhkosydpa olivat yleisid kuolinsyité (24 % ja 10 %), ja molemmat olivat yhtey-
dessé kuolleisuuteen.

Tutkimuksessa saatiin asbestoosin kliinisistd 10ydoksistd uutta tietoa, jota voidaan hyodyntié
esimerkiksi interstitiaalisten keuhkosairauksien erotusdiagnostiikassa. Lisdksi tutkittiin ensim-
madistd kertaa useiden kliinisten piirteiden yhteyttd asbestoosin ennusteeseen, ja havaitsimme nii-
den olevan toimivia tekijéitd ennusteen arvioinnissa.

Asiasanat: asbestoosi, diffuusiokapasiteetti, elinaika, interstitiaalinen keuhkosairaus,
keuhkohuuhteluniyte, kuolinsyy, liitinnéissairaus, spirometria
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1 Introduction

Asbestosis is a fibrotic lung disease caused by past exposure to asbestos
(Tossavainen, 1997). It can be classified as an interstitial lung disease (ILD),
pneumoconiosis and asbestos-related disease (Cullinan & Reid, 2013; Tossavainen,
1997; Wijsenbeek et al., 2022). Several countries have banned the use of asbestos;
in Finland, the use of asbestos was banned in 1994 (Government Decree on the
Prohibition of Manufacture, Import, Trade and Use of Asbestos 3 §; International
Ban Asbestos Secretariat, 2022). However, asbestos is still produced and used in
many countries globally (Stayner et al., 2013; United States Geological Survey,
2022). Asbestosis and other asbestos-related diseases have a long latency period,
i.e., time since exposure to clinical evidence of disease, which is generally more
than twenty years in asbestosis (Guidotti et al., 2004; Tossavainen, 1997). Thus,
new cases of asbestosis are still found in Finland, although the incidence has been
decreasing (Koskela et al., 2022). In contrast, globally the number of asbestosis
cases has still been increasing (Shi et al., 2020; Yang et al., 2020).

The first reports of asbestosis were published in the early 20% century while
asbestosis research was most active at the end of the 20" century (Cooke, 1924,
1927; Murray, 1990). On the contrary, rather few publications of asbestosis have
been published after the turn of the millennium during the past two decades.

In addition to asbestosis, other asbestos-related diseases also include malignant
diseases, benign pleural diseases and retroperitoneal fibrosis (Tossavainen, 1997;
Wolff et al., 2015). Previously it was observed that asbestosis patients were at
increased risk of getting cancer (Karjalainen et al., 1999; Oksa et al., 1997).
However, the most common comorbid diseases of asbestosis patients have not
previously been widely investigated.

ILDs include more than 200 different diseases, including both acute and
chronic diseases (Wijsenbeek et al., 2022). In ILDs, inflammation and/or fibrosis
occur mainly in the lung interstitium, that is, the area between pulmonary alveoli
and capillaries (Wijsenbeek et al., 2022). Differential diagnosis of ILDs is often
challenging and even though asbestosis is nowadays relatively rare in Finland, it is
arelevant differential diagnostic dilemma in clinical practice (Koskela et al., 2022).
For this reason, it is important to have knowledge of both the common features of
ILDs and the characteristic features of certain ILD, such as asbestosis. For example,
bronchoalveolar lavage (BAL) and pulmonary function test (PFT) results are
usually taken into consideration in diagnostics of ILDs. In previous publications on
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BAL results of asbestosis patients, cohorts have been small, and smoking has
mostly been left out of account.

Previously, prognostic factors have been recognised in many other ILDs, such
as risk predicting models, gender, age and physiologic variables (GAP) and
composite physiologic index (CPI) (Ley et al., 2012; Wells et al., 2003). In contrast,
the knowledge of factors associated with survival in asbestosis has been sparse.
Asbestosis patients have usually lived for several years after the diagnosis, even
though, to our knowledge, previous studies have not reported average survival time
in cohorts of asbestosis patients (Cookson et al., 1985; Huuskonen, 1978). However,
asbestosis may also progress rapidly and moreover, patients may suffer from acute
exacerbation (AE) of the disease, which has been observed to be related to poor
prognosis in asbestosis patients (Barnikel et al., 2019; Salonen et al., 2020b).

Treatment of asbestosis has previously been symptomatic. Until recently, no
pharmacological treatment was able to affect the course of disease in asbestosis.
New medications have entered clinical use in the treatment of ILDs. Since 2022,
an antifibrotic drug that may slow progression of disease, namely nintedanib, has
been eligible for Kela reimbursement also for asbestosis patients with progressive
pulmonary fibrosis in Finland (Flaherty et al., 2019; The Social Insurance
Institution of Finland (Kela), n.d.). Therefore, research information of factors
affecting prognosis is currently important, given that the options for
pharmacological treatment are evolving.

In this study, we investigated the disease course and prognosis of asbestosis
from a similar point of view as other ILDs. Our aim was to determine clinical
features as well as prognostic factors including BAL, PFTs, risk-predicting models
and comorbid diseases in a relatively large group of asbestosis patients.
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2 Review of the literature

2.1 Asbestos

Asbestos is an umbrella term for a group of silicate minerals which have specific
features such as poor heat conduction and high tensile strength and which have thus
been of commercial value (World Health Organization, 2014). Asbestos has been
used, for example, in building materials, especially insulation materials, and in
products such as paints and brake discs, thus, exposure to asbestos is a risk in
occupations related to asbestos products, construction, shipyards and vehicle repair
(Finnish Institute of Occupational Health, n.d.; Oksa & Nynés, 2019).

The two main categories of asbestos are serpentine and amphibole (Virta,
2006). Chrysotile, i.e., white asbestos, is worldwide the most common type of
asbestos and it is only type of serpentine asbestos (IARC Working Group on the
Evaluation of Carcinogenic Risks to Humans, 2012; Virta, 2006). The form of large
chrysotile fibres is usually curved as they split into smaller parts in the lungs
(Roggli et al., 2010). Chrysotile dissolves due to the effect of acids, for example,
after the fibre has been phagocytised by macrophages (Roggli et al., 2010). The
group of amphibole asbestos includes crocidolite, i.e., blue asbestos, amosite, i.e.,
brown asbestos, actinolite, anthophyllite, and tremolite (IARC Working Group on
the Evaluation of Carcinogenic Risks to Humans, 2012). Amphibole fibres tolerate
chemicals better than chrysotile and do not break down in the lungs (Roggli et al.,
2010).

2.1.1 Global use of asbestos

The peak in the worldwide use of asbestos was in the 1980s (Virta, 2006). Asbestos
use is currently banned in more than 60 countries (International Ban Asbestos
Secretariat, 2022). The use of asbestos was banned in many European countries in
the 1990s and 2000s, and currently, all European Union countries have banned the
use of all kinds of asbestos (IARC Working Group on the Evaluation of
Carcinogenic Risks to Humans, 2012; World Health Organization, 2014).

Despite the known carcinogenicity of asbestos, however, it is still used in many
countries (Straif et al., 2009; Virta, 2006). Most developed countries have banned
the use of asbestos but, for example, the United States has not completely banned
its use (Stayner et al., 2013; United States Geological Survey, 2022). The countries
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which currently produce the vast majority of world asbestos are Russia, Kazakhstan,
China and Brazil (United States Geological Survey, 2022). According to the
estimations of the World Health Organisation (WHO), globally, about 125 million
people are still exposed to asbestos at work (World Health Organization, 2014).

2.1.2 The use of asbestos in Finland

The use of asbestos was at its highest level in Finland in the 1960s and 1970s and
decreased rapidly in the 1980s (Huuskonen et al., 1995). A total of 300,000 tons of
asbestos has been used in Finland since the 1920s (Finnish Institute of Occupational
Health, n.d.). Most of the asbestos used was chrysotile (175,000 tons) and
anthophyllite (120,000 tons); in addition, minor amounts of crocidolite and amosite
(a total of 5,000 tons) were also used (Ministry of Labour, 1989). The Paakkila
asbestos mine, where anthophyllite asbestos was mined, operated until 1975, and
thus, amphibole asbestos had been used exceptionally commonly in Finland
compared to other countries (Ministry of Labour, 1989). Chrysotile, crocidolite and
amosite were imported to Finland from abroad (Ministry of Labour, 1989). Most
of the asbestos used still remains in Finnish buildings (Finnish Institute of
Occupational Health, n.d.). In 1987-1992, the Finnish Institute of Occupational
health arranged the Asbestos Programme, the main goals of which were to reduce
exposure to asbestos as much as possible, to evaluate the number of asbestos-
exposed subjects and identify these individuals, to evaluate asbestos-induced health
risks, and to improve diagnostics of asbestos-related diseases (Huuskonen et al.,
1995) The import and manufacture, and the use and sale of asbestos and asbestos-
containing products was banned in Finland in 1993 and 1994, respectively
(Government Decree on the Prohibition of Manufacture, Import, Trade and Use of
Asbestos 3 §).

When bound to building materials, asbestos is not usually a health hazard
whereas in demolition work, fibres are released into the air (Ministry of Labour,
1989). Thus, exposure to asbestos is still possible in Finland during demolition of
buildings if the protective equipment and actions are insufficient (Ylioinas et al.,
2012). Organising asbestos demolition work is regulated by Finnish legislation (Act
on Certain Requirements Concerning Asbestos Removal Work 1-17 §;
Government Decree on the Safety of Asbestos Work 1-18 §). Exposure to asbestos
can still also occur in mining because asbestos occurs in the Finnish bedrock
(Kéhkonen et al., 2019).
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2.2 History of asbestosis

Asbestosis is pulmonary fibrosis caused by asbestos. It develops after significant
exposure and long latency, i.e., time since first exposure to clinical evidence of
disease (Tossavainen, 1997). Asbestosis is generally defined as a slowly
progressive disease with restrictive ventilatory function and decreased diffusion
capacity (DLCO) (Alfonso et al., 2005; Algranti et al., 2001; Bégin et al., 1983;
Cookson et al., 1986).

The first reports of asbestosis cases were published in Great Britain in 1906
and 1924 (Cooke, 1924, 1927; Murray, 1990). Cooke (1924) described a 33-year-
old female asbestos factory worker, who had started asbestos work already at the
age of 13, and whose pulmonary fibrosis was diagnosed by both x-ray plate and
autopsy. A similar patient case was reported already in 1906 (Cooke, 1927; Murray,
1990). Three articles on the topic of asbestosis were published in the British
Medical Journal in 1927 (Cooke, 1927; Mcdonald, 1927; Oliver, 1927). Cooke
(1927) reported clinical features of the previously described asbestosis case (Cooke,
1924), Mcdonald (1927) described histological features focusing on foreign bodies,
which he estimated to contain asbestos, and Oliver (1927) presented clinical
features of asbestosis including dyspnoea, cough and the presence of basal
crepitation in lung auscultation. Soon after these publications, many case reports of
asbestosis were published, which also included publications of asbestosis with lung
cancer since the 1930s (Lynch & Smith, 1935). The first Finnish studies on
asbestosis were published in 1946 and 1947; they reported histological and
radiological features (Noro, 1946; Wegelius, 1947). Wegelius (1947) investigated
126 asbestosis patients and observed that most of the cases had mild fibrosis in
chest radiograph, although disease progression was seen in some patients during a
short two-year follow-up period (Wegelius, 1947).

Knowledge about asbestosis increased from the middle of the 20" century
onwards. Sander (1955) reported that asbestosis developed slowly after years of
asbestos exposure, the disease was preventable, and changes in chest x-ray occurred
earlier in lower lobes (Sander, 1955). Sander (1955), however, supposed that
asbestos-induced fibrosis would not progress after exposure has ceased. In a review
article published in 1966, Elmes described that symptoms may begin even years
after asbestos exposure has stopped, and with a latency period as long as 20 to 30
years (Elmes, 1966). Typical symptoms such as dyspnoea and cough as well as
physical findings such as restricted chest movement, basal rales and finger clubbing
in severe asbestosis were described (Elmes, 1966). Moreover, PFTs of asbestos
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workers, i.e., decreased vital capacity (VC) without obstruction, decreased total
lung volume, decreased DLCO and low pulmonary compliance, were also
displayed (Elmes, 1966). In the 1950s, Sander reported that an association between
asbestosis and lung cancer was uncertain (Sander, 1955), while in a review article
of the American College of Chest Physicians in 1964, it was noted that there were
more published studies in which an association between asbestosis and lung cancer
was observed than studies without an association, and that the diagnostic criteria of
asbestosis were variable (Liddle, 1964).

The number of publications on asbestosis increased since the mid-20™ century
until the 1980s. In 1978, two publications of large Finnish asbestosis cohorts were
published in which clinical, physiological and radiological features, survival and
mortality of patients were reported (Huuskonen, 1978; Zitting et al., 1978).
International consensus criteria for diagnosis of asbestosis, namely the Helsinki
criteria, were first published in 1997 and updated in 2014 (Tossavainen, 1997,
Wolff et al., 2015).

2.3 Other asbestos-related diseases

2.3.1 Malignant diseases

Asbestos is known to cause both benign and malignant diseases (Tossavainen, 1997;
Wolff et al., 2015). Asbestos causes mesothelioma and lung, laryngeal and ovarian
cancers (IARC Working Group on the Evaluation of Carcinogenic Risks to Humans,
2012; Ngo et al., 2022).

The strongest evidence of malignancies caused by asbestos exposure has been
shown in lung cancer and mesothelioma (IARC Working Group on the Evaluation
of Carcinogenic Risks to Humans, 2012). Lung cancer is the third most common
cancer in both men and women and the most common cause of cancer death in
Finland (Pitkdniemi et al., 2022). The risk of lung cancer increases with increasing
cumulative asbestos exposure (Brims et al., 2020; Tossavainen, 1997). The latent
period is typically estimated to be 20 to 30 years (Suojalehto et al., 2019). Smoking
further increases the risk of lung cancer also in asbestos-exposed patients (Brims et
al., 2020; Markowitz et al., 2013). In addition, diagnosis of asbestosis, but not
pleural plaques, was associated with increased risk of lung cancer (Brims et al.,
2020; Markowitz et al., 2013).
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Asbestos is the principal cause of mesothelioma (Tossavainen, 1997). Even
low asbestos exposure can cause mesothelioma (Suojalehto et al.,, 2019;
Tossavainen, 1997). In an Australian register study of about 6,000 mesothelioma
cases, almost all the cases had an established previous asbestos exposure since 88%
of the patients had a history of past exposure, and in the cases with no known
asbestos exposure history, 81% had nonetheless more than 200,000 asbestos
fibres/g of dry lung tissue (Leigh et al., 2002). Of the cases, 93% were pleural
mesotheliomas while 6.5% were peritoneal (Leigh et al., 2002). In Finland, about
100 new mesothelioma cases have been diagnosed annually in recent years; in 2021,
there were 100 new mesothelioma cases (Finnish Cancer Registry, n.d.). The latent
period for mesotheliomas is typically about 30 to 40 years (Tossavainen, 1997).
The prognosis of survival is weak. In the previous Finnish studies the median
survival time was 9.7 months in pleural and 4 months in peritoneal mesothelioma
(Laaksonen et al., 2019; Salo et al., 2017).

In a review article by the International Agency for Research on Cancer by
WHO, an association between asbestos exposure and pharyngeal, stomach and
colorectal cancers was observed (IARC Working Group on the Evaluation of
Carcinogenic Risks to Humans, 2012), whereas Ngo et al. (2022) reported in a
monograph of the European Respiratory Society (ERS) that there was limited
evidence of an association of asbestos with nonlaryngeal head and neck and
colorectal cancers (Ngo et al., 2022). It was informed in the abovementioned
publication that previous studies had also observed an asbestos exposure
association with cancer of the oesophagus and prostate, although the strength of the
evidence was not evaluated (Ngo et al., 2022).

2.3.2 Benign diseases

Benign diseases caused by asbestos exposure include, in addition to asbestosis,
benign pleural diseases including pleural plaques, diffuse pleural fibrosis and
pleuritis as well as retroperitoneal fibrosis.

Acute or chronic pleuritis, typically but not always asymptomatic, may be
induced by asbestos (Guidotti et al., 2004). Acute pleuritis may induce diffuse
pleural fibrosis, which is sometimes accompanied with rounded atelectasis (Lilis et
al., 1988; Musk et al., 2020; Tossavainen, 1997). Pleural plaques are usually
asymptomatic, whereas diffuse pleural fibrosis can result in restrictive pulmonary
function (Kerper et al., 2015; Schwartz et al., 1990; Tossavainen, 1997). The
plaques locate in the parietal pleura and they may be calcified (Guidotti et al., 2004).
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Plaques can be diagnosed from chest radiograph whereas diagnosis of diffuse
pleural fibrosis requires CT imaging (Cha et al., 2016; Suojalehto et al., 2019).
Pleural plaques have been the most common abnormality associated with asbestos
and even mild asbestos exposure can result in the development of plaques, whereas
development of diffuse pleural fibrosis requires moderate exposure (Guidotti et al.,
2004; Murray et al., 2016; Suojalehto et al., 2019). Pleural plaques have thus been
considered as evidence of asbestos exposure even though they were relatively
commonly also seen in elderly Finnish general population (Guidotti et al., 2004,
Zitting, 1995). Ehrlich et al. (1992) reported that the presence of pleural
abnormalities associated with latency period and was also common at low exposure
levels. In 2018, asbestos-related pleural plaques were the most common confirmed
occupational disease (257 cases) in Finland (Koskela et al., 2022). Minor amounts,
e.g. nine new occupational round atelectasis or visceral pleural fibrosis cases, were
confirmed as occupational disease (Koskela et al., 2022).

In retroperitoneal fibrosis, fibrosis is located in the retroperitoneal parts of the
body, such as the aorta and urinary tract (Wolff et al., 2015). It is a rare disease
(Wolff et al., 2015). Uibu et al. (2004) observed asbestos to be a significant risk
factor of retroperitoneal fibrosis in Finland (Uibu et al., 2004). With a history of
asbestos exposure, asbestos can be considered as the cause of retroperitoneal
fibrosis in patients with asbestos-related parenchymal or pleural disease, or without
other asbestos-related disease, also without other risk factors as well (Wolff et al.,
2015).

2.4 Asbestosis as an interstitial lung disease

Asbestosis is asbestos-induced pulmonary fibrosis and it is classified as an
interstitial lung disease (ILD) (Tossavainen, 1997). ILDs include over 200 diseases,
in which asbestosis is categorised into the group of exposure-related ILDs
(Wijsenbeek et al., 2022). Other ILD groups include autoimmune-related ILDs,
idiopathic ILDs, ILDs with cystic or airspace filling, sarcoidosis and other ILDs
(Table 1) (Raghu et al., 2022; Wijsenbeek et al., 2022). The most common fibrotic
ILD type is idiopathic pulmonary fibrosis (IPF) (Wijsenbeek et al., 2022). In
addition to asbestosis, other exposure-related ILDs include other pneumoconiosis,
hypersensitivity pneumonitis, and ILDs induced by medication or radiation (Raghu
et al., 2022).

Asbestosis is also classified as pneumoconiosis, which are chronic lung
diseases caused by inhalation of dust (Cullinan & Reid, 2013). At present,
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asbestosis is the most common form of pneumoconiosis, followed by silicosis
(Bennett & Brims, 2020; Cullinan & Reid, 2013). Other forms of pneumoconiosis
are siderosis, berylliosis, stannosis, hard metal disease and coal workers’
pneumoconiosis, which are more uncommon than asbestosis (Cullinan & Reid,
2013). Although patients with asbestosis comprise a small group among all ILD
cases, it is a relevant differential diagnostic dilemma that needs to be taken into
account in everyday clinical practice.

Differential diagnostics between IPF and asbestosis as well as assessment of
asbestos exposure can be difficult (Suojalehto et al., 2019). Investigations on the
association of asbestos with IPF have resulted in discrepant results since in previous
studies, asbestos exposure was associated with higher risk of IPF and historic
asbestos imports were associated with IPF mortality (Abramson et al., 2020; Barber
et al., 2016), whereas in a recent study of Reynolds et al. (2023), no association
between asbestos and risk of IPF was observed (Reynolds et al., 2023).

Table 1. Classification of interstitial lung diseases (modified from Raghu et al., 2022 and
Wijsenbeek et al., 2022).

ILD classification Examples

Autoimmune-related ILD Rheumatoid arthritis and systemic sclerosis-
associated ILD, vasculitis-related ILD

Exposure-related ILD Asbestosis, other pneumoconiosis, hypersensitivity
pneumonitis, radiation and medication-related ILD

Idiopathic ILD Idiopathic pulmonary fibrosis, idiopathic non-specific
interstitial pneumonia, unclassifiable ILD

ILDs with cysts or airspace filling Langerhans cell histiocytosis,

lymphangioleiomyomatosis, pulmonary alveolar

proteinosis
Sarcoidosis Sarcoidosis
Other Eosinophilic pneumonia

ILD = Interstitial lung disease

2.5 Epidemiology of asbestosis

The incidence of asbestosis was at its highest in the 1990s when there were more
than 200 new cases per year in Finland (Suojalehto et al., 2019). The incidence of
asbestosis cases has decreased in Finland since then (Koskela et al., 2022). Eighteen
new asbestosis cases were confirmed as an occupational disease in 2018 when all
the patients were over 65 years old (Koskela et al., 2022). In 2014, construction
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was the most common industry causing asbestosis, and asbestos-related lung cancer
and pleural plaques were accepted as occupational diseases (Koskela et al., 2017).
Although the incidence of asbestosis has decreased, there are still prevalent cases
which are usually treated and followed up in specialised health care in Finland.

Globally, the incidence of asbestosis has been increasing, with about 9,400 new
asbestosis cases in 2017, including about 2,400 cases from the United States, 1,900
cases form China and 1,000 cases from India (Shi et al., 2020). In 2017, the age-
standardised incidence of asbestosis was highest in South Africa (0.5 per 100,000),
Swaziland (0.44 per 100,000) and the United States (0.43 per 100,000) (Shi et al.,
2020; Yang et al., 2020). It was estimated in the Global Burden of Diseases 2017
study that the age-standardised incidence of asbestosis per 100,000 was 0.06 in
Finland, 0.05 in Sweden, 0.02 in Denmark, and 0.21 in Norway (Shi et al., 2020).

Asbestos consumption and asbestos exposure were associated with increased
mortality from asbestosis (dos Santos Antao et al., 2009; Girardi et al., 2020;
Harding et al., 2009). In the Global Burden of Diseases Study 2016, it was
estimated that the number of asbestosis deaths has increased since 2006, and that
about 3,500 people died of asbestosis and asbestosis caused 61,000 years of life
lost globally in 2016. (Naghavi et al., 2017). In Finland, the number of asbestosis
deaths has decreased slightly from more than twenty cases to about 15 asbestosis
deaths per year during the 2010s (Figure 1) (Statistics Finland, n.d.).

Diandini et al. (2013) reported the average potential years of life lost from
asbestosis per decedent, being 13 years, and the age at death from asbestosis 73.4
years in 55 countries globally between 1994 and 2010. The countries included were
from all over the world (Europe, North and South America, Asia, Africa, Australia)
and also included data from Finland (Diandini et al., 2013). In the United States,
the median age at the time of death in patients with asbestosis as underlying cause
of death was 79 years and median potential years of life lost per decedent was 8
years between 1999-2010 (Bang et al., 2014).
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Fig. 1. Number of asbestosis (International Classification of diseases 10th edition code
J61) deaths in Finland between 1998-2021 according to the Statistics of Finland
(Statistics Finland, n.d.).

2.6 Pathophysiology and pathogenesis of asbestosis

Asbestos fibres enter the lungs with inhaled air. The fibres end up in the bronchioles
and alveoli and migrate to the interstitium (Bennett & Brims, 2020; Guidotti et al.,
2004). The clearance of asbestos fibres depends on the fibre type so that chrysotile
fibres are most effectively eliminated from the lungs compared to amphibole fibres
(Albin et al., 1994; Churg & Vedal, 1994). In addition, Lorenzo et al. (1996)
reported that asbestosis patients had slower mucociliary clearance compared to
asbestos-exposed and non-exposed control subjects (di Lorenzo et al., 1996). Churg
et al. (1990) estimated amosite fibres to be more fibrinogenic compared to
chrysotile or tremolite fibres (Churg et al., 1990).

The risk of getting asbestosis is associated with cumulative asbestos exposure
(Algranti et al., 2001; Ehrlich et al., 1992; Mastrangelo et al., 2009; Paris et al.,
2004). In previous studies, the severity of fibrosis correlated with both the asbestos
fibre concentration of the lungs and the cumulative exposure history (Churg et al.,
1989, 1990; Green et al., 1997; Wagner et al., 1986)

The latency period is typically over 20 years in asbestosis patients (Epler et al.,
1982; Guidotti et al., 2004; Yang et al., 2018). The American Thoracic Society (ATS)
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estimated that exposure with high intensity but short duration results in shorter
latency time, whereas mild intensity but long duration results in longer latency
(Guidotti et al., 2004). The risk of developing asbestosis has also been in relation
to a longer latency period (Algranti et al., 2001; Barnhart et al., 1990; Epler et al.,
1982; Lilis et al., 1986).

Smoking increased the risk of developing asbestosis in asbestos-exposed
subjects (Barnhart et al., 1990; Ehrlich et al., 1992; Lilis et al., 1986). The effect of
smoking was thought to be probably related to minor fibre clearance (Albin et al.,
1994; Churg et al., 1992; Churg & Stevens, 1995).

Inhaled asbestos fibres have been shown to induce an inflammatory response
and cause the formation of oxidants (Kamp et al., 1992; Robledo & Mossman,
1999). The fibres also induce the production of cytokines and chemokines in
addition to oxidants (Mossman & Churg, 1998). Inflammatory cells accumulate in
the airspace and interstitium (Robledo & Mossman, 1999). Macrophages have been
shown to associate with disease progression, since these cells are capable of
phagocyting fibres and produce oxidants and growth factors (Kamp et al., 1992;
Mossman & Churg, 1998; Rom et al., 1987). Epithelial cell injuries are an early
process in the pathogenesis of asbestosis (Mossman & Churg, 1998; Robledo &
Mossman, 1999). Similarly as in other pulmonary fibroses, increased amounts of
various tight and adherens junction proteins and cyclooxygenase-2 (COX-2) were
expressed in metaplastic alveolar epithelium in asbestosis (Lappi-Blanco et al.,
2006, 2013). Transforming growth factor-beta (TGF-f3) and platelet-derived growth
factor (PDGF), produced by both macrophages and epithelial cells, induce
fibroblast proliferation (Mossman et al., 2011). A marker of collagen synthesis,
namely carboxyterminal propeptide of type I procollagen (PICP), was shown to be
increased in BAL of patients with asbestosis (Lammi et al., 1999) Elevated plasma
adipsin, which is produced by macrophages besides adipose tissue, and serum
soluble mesothelin-related protein levels were observed in blood samples of
asbestosis patients (Leivo-Korpela et al., 2012; Yu et al., 2015).

2.7 Diagnosis of asbestosis

The Helsinki criteria for the diagnostics of asbestosis were first published in 1997
and updated in 2014 (Tossavainen, 1997; Wolff et al., 2015). The diagnosis of
asbestosis requires the fulfilment of the two criteria: evidence of parenchymal
pulmonary fibrosis and sufficient exposure to asbestos (Guidotti et al., 2004;
Tossavainen, 1997; Wolff et al., 2015). Symptoms, PFT results and latency time are
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taken into account in diagnostics (Tossavainen, 1997). The clinical features of
asbestosis are nonspecific and exposure history is therefore mandatory for
diagnosis (Guidotti et al., 2004; Tossavainen, 1997).

In differential diagnostics, other ILDs have to be taken into account.
Sometimes, patients may have combined diseases such as both silicosis and
asbestosis (Guidotti et al., 2004). A multidisciplinary evaluation is recommended
in uncertain cases (Tossavainen, 1997). Asbestosis is an important differential
diagnostic dilemma of IPF with an unidentified cause (Raghu et al., 2022).

2.7.1 Radiology

High-resolution computed tomography (HRCT) imaging is usually used in the
evaluation of interstitial lung changes. For diagnostic purposes in pulmonary
fibroses, HRCT is superior compared to chest x-ray (Paris et al., 2004; Staples et
al., 1989; Terra-Filho et al., 2015). HRCT detects early asbestosis before there are
changes in the chest radiograph (Paris et al., 2004; Staples et al., 1989). Subpleural
opacities and lines and parenchymal bands are seen in HRCT in the early phases,
while honeycombing and intralobular interstitial and interlobular septal thickening
are seen in advanced disease (Akira & Morinaga, 2016; Cha et al., 2016). Fibrosis
is typically most prominent in the basal areas of the lungs (Craighead et al., 1982;
Guidotti et al., 2004). In rare cases, fibrotic changes have been seen in the apical
areas of the lungs (Hillerdal, 1990). The Helsinki criteria recommends the use of
ICOERD classification for HRCT changes in international research (Suganuma et
al., 2009; Wolff et al., 2015). Asbestos diagnosis requires at least sum grade 2 for
bilateral irregular opacities in the lower zones or bilateral honeycombing
(Suganuma et al., 2009; Wolff et al., 2015).

Novel radiological methods have also been investigated. The utility of ultra-
low-dose CT in detecting asbestosis has been studied. One study reported 75%
sensitivity and 100% specificity for detecting asbestosis although there were only
four asbestosis cases (Schaal et al., 2016). Groot Lipman et al. (2022) presented
that artificial intelligence could be a useful aid in the diagnosis of asbestosis in CT,
showing that diagnostic accuracy improved when also taking into account DLCO
(Groot Lipman et al., 2022).

Pulmonary fibrosis may be seen in chest x-ray, but it is not sensitive or specific
enough since normal chest x-ray is not able to exclude the presence of pulmonary
fibrosis and on the other hand, there may be overdiagnosis based on chest x-ray
(Friedman et al., 1988; Mizell et al., 2009; Paris et al., 2004; Staples et al., 1989;
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Terra-Filho et al., 2015). Fibrosis is seen in the chest x-ray as small, irregular
opacities focusing in the lower zones (Cha et al., 2016; Zitting et al., 1978). The
standardised International Labour Organization (ILO) classification where grade
1/0 is considered as mild asbestosis has been used for research and screening
purposes (Guidotti et al., 2004; International Labour Organization, 2011;
Tossavainen, 1997).

2.7.2 Exposure assessments

The amount of cumulative asbestos exposure and the duration of the latency period
are reviewed when evaluating sufficient exposure to cause asbestosis (Guidotti et
al., 2004; Tossavainen, 1997). Cumulative exposure is reported as fibre years,
calculated as duration of exposure (years) times fibre counts in a cubic centimetre
of breathing air (Tossavainen, 1997; Wolff et al., 2015). Less than ten fibre years is
classified as mild, 10-24 fibre years as moderate, and at least 25 fibre years as high-
level exposure (Suojalehto et al., 2019).

In international publications, it has been stated that there is no clear limit for
when cumulative asbestos exposure is sufficient for asbestosis (Bennett & Brims,
2020). Furthermore, no strict limit for adequate latent period for asbestosis has been
defined, although the latent period has usually been long, over 20 years (Epler et
al., 1982; Guidotti et al., 2004; Yang et al., 2018). In Finland, asbestosis diagnosis
requires at least moderate, generally more than 20 fibre years exposure to asbestos
(Suojalehto et al., 2019).

Detailed work history assessment is the primary method for assessing the
history of past asbestos exposure (Tossavainen, 1997; Wolff et al., 2015). Patient’s
entire work history is reviewed and the amount of exposure in different work tasks
and duration of exposure are assessed. The amount of cumulative asbestos exposure
is calculated based on the evaluation (Suojalehto et al., 2019). If the exposure
history information is uncertain, fibres or asbestos body (AB) count in lung tissue
or BAL sample may be used in the evaluation. Limit values for high probability of
significant asbestos exposure were defined in the Helsinki criteria (Tossavainen,
1997). More than 1 AB/ml in BAL fluid sample has been considered as significant
exposure (Karjalainen et al., 1994; Sebastien et al., 1988; Tossavainen, 1997).

ABs are asbestos fibres which are covered by proteins and iron compounds
(Craighead et al., 1982). Amphibole asbestos, which was commonly used in
Finland, has been estimated to persist in the lungs and to form ABs more easily
than chrysotile asbestos (Churg & Wright, 1994; Ministry of Labour, 1989; Roggli
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et al., 2010). In previous studies, the number of ABs in BAL has associated with
both past asbestos exposure as well as the number of ABs and asbestos fibres in the
lung parenchyma (De Vuyst et al., 1988; Karjalainen et al., 1994, 1996; Nuyts et
al., 2017; Sebastien et al., 1988; Teschler et al., 1994). Thus, counting BAL ABs is
useful when evaluating exposure history. It is, however, noteworthy that the
absence of ABs in BAL does not exclude asbestos exposure. (Nuyts et al., 2017;
Teschler et al., 1994).

2.7.3 Bronchoalveolar lavage and lung tissue samples

BAL fluid sample may be utilised in the diagnostics of ILDs (Meyer et al., 2012).
The BAL fluid sample is taken during bronchoscopy and leucocyte differential
count is calculated from the fluid sample. Reference values of BAL cell differential
counts based on the international guideline of ATS are as follows: Macrophages >
80—-85%, lymphocytes 10—15%, neutrophils < 3%, and eosinophils < 1% (Meyer et
al., 2012). Additionally, the number of asbestos bodies may be analysed from BAL
if there is known or suspected exposure to asbestos (Tossavainen, 1997).

Lung biopsy samples are not required for asbestosis diagnosis, although in
addition to calculating asbestos fibres and bodies, interstitial fibrosis can be
detected in histological samples (Guidotti et al., 2004; Roggli et al., 2010; Wolff
etal., 2015). A histologic grading scheme for asbestosis was first published in 1982
and updated in 2010 (Craighead et al., 1982; Roggli et al., 2010). The severity of
fibrosis is classified from zero to four and the grade is based on mean score of the
slides (Roggli et al., 2010). In grade 0, no fibrosis or bronchiolar wall fibrosis exists,
while in grades 1-3, fibrosis is detectable in respiratory bronchioles and adjacent
alveoli and as the grade increases, fibrosis is seen in more extensive areas. Grade 4
signifies that honeycomb changes are detected (Roggli et al., 2010). The
classification has received criticism since it classifies bronchial wall fibrosis to
grade 0 (Hammar & Abraham, 2015).

Karjalainen et al. (1996) investigated both BAL and lung tissue samples in 65
Finnish patients, revealing that the concentration of ABs in BAL was in relation to
the concentration of ABs in tissue sample. In addition, asbestos fibre count
associated with both ABs in tissue sample and BAL. Karjalainen et al. (1996) also
studied the association of asbestos fibres and ABs based on the amphibole fibre
type. They observed a higher amount of ABs in relation to asbestos fibre count in
samples with mainly anthophyllite asbestos compared to similar amounts of
asbestos fibres in samples with mainly amosite or crocidolite fibres.
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2.8 Clinical features of asbestosis

2.8.1 Symptoms and physical examination

The symptoms of asbestosis are similar to other pulmonary fibrosis since shortness
of breath and cough are common (Guenther et al., 2018; Huuskonen, 1978; Walters
et al., 2013). Patients with mild asbestosis may also be asymptomatic.

Persistent sputum production was observed in 71% and cough in 79% of the
Finnish asbestosis patients, both symptoms being more common in smokers
(Huuskonen, 1978). Shortness of breath was very common (89%) associating with
lower vital capacity (VC) and forced expiratory volume in one second (FEV1) in
spirometry and radiographically more severe asbestosis. Patients estimated that
these symptoms had started on average almost four years before the asbestosis
diagnosis (Huuskonen, 1978). In the study of Walters et al. (2013), all the 43
patients had symptoms at the time of diagnosis of asbestosis, shortness of breath
being the most common symptom (95%) followed by cough (70%).

A typical auscultation finding of pulmonary fibroses is basal fine crackles or
crepitation. In previous studies, fine crackles were heard in about 60% of the
asbestosis patients (Epler et al., 1978; Huuskonen, 1978). Crackles were early signs
of asbestosis and could be heard before changes in chest radiograph (Shirai et al.,
1981). Duration of exposure to asbestos was associated with auscultation finding
of bilateral basal crackles (Shirai et al., 1981). Furthermore, crepitation was more
commonly heard in radiographically more severe asbestosis (Huuskonen, 1978).
Crackles associated with lower PFT results, i.e., forced vital capacity (FVC) and
DLCO in patients with asbestosis (Epler et al., 1978).

Finger clubbing is seen in some patients, typically in more severe asbestosis
(Coutts et al., 1987; Huuskonen, 1978). Finger clubbing is associated with shorter
survival, radiographic disease progression and lower DLCO (Coutts et al., 1987).
In severe disease hypoxaemia, cyanosis, cor pulmonale and respiratory failure may
also occur (Bennett & Brims, 2020). In a Finnish study, asbestosis patients had
more often signs of load of the right side of the heart in electrocardiography
compared to control cases, although the results were not statistically significant
(Kokkola & Huuskonen, 1979).
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2.8.2 Pulmonary function tests

A typical finding in spirometry of asbestosis patients is restriction, similarly to other
pulmonary fibroses (Algranti et al., 2001; Bégin et al., 1983; Miguel-Reyes et al.,
2015; Miller et al., 1996). DLCO examination also reveals decreased values
(Alfonso et al., 2005; Bégin et al., 1983; Vierikko et al., 2010; Walters et al., 2013;
Yang et al., 2018). DLCO decreases in more early stages of asbestosis, while
spirometry values decrease later than DLCO, similarly to other pulmonary fibroses
(Miguel-Reyes et al., 2015; Nogueira et al., 2011; Walters et al., 2013; Yang et al.,
2018). Previous studies have shown that asbestosis patients had lower FVC, FEV 1
and DLCO values compared to asbestos-exposed patients without pulmonary
fibrosis (Abejie et al., 2010; Alfonso et al., 2005).

The results of whether asbestos causes obstruction have been contradictory.
Yang et al. (2018) observed that longer duration of asbestos exposure associated
with lower FEV1/FVC ratio in non-smoking asbestosis patients. Other studies did
not find a significant association between asbestos exposure and FEV1/FVC ratio
in asbestos-exposed patients (Abejie et al., 2010; Alfonso et al., 2004; Ameille et
al.,, 2010). Wang et al. (2006) reported that smoking was the main cause of
obstruction in asbestos-exposed patients while asbestosis associated with restrictive
spirometry, that is decreased FVC and elevated FEVI/FVC, when asbestos
exposure was in relation to both decreased FVC and DLCO. In the Helsinki criteria
2014 it was reviewed that previous studies have suggested that asbestos-exposed
patients may have a component of obstruction, especially small airway obstruction,
but it was stated that asbestos does not cause a purely obstructive ventilatory pattern
(Wolff et al., 2015).

Yang et al. (2018) observed that among newly diagnosed asbestosis patients,
smokers have lower FEV1 and FEV1/FVC compared to non-smokers. Zitting et al.
(1978) observed that in mild fibrosis, smokers had decreased FEV1 compared to
ex-smokers.

Previous studies have shown an association between decreased PFTs (FVC,
FEV1 total lung capacity and DLCO) and more severe radiological changes
(Algranti et al., 2001; Lee et al., 2003; Miller et al., 1992, 1996, 2013; Rom, 1992;
Schneider et al., 2014; Yang et al., 2018; Zitting et al., 1978). Algranti et al. (2001)
observed a decrease in spirometry values, FVC and FEV1 in relation to longer
latency period in asbestos-exposed patients. In a previous study, progression of
interstitial changes in HRCT associated with decreasing DLCO but not with
spirometry value changes in the follow-up (Nogueira et al., 2011). In a Chinese
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study, asbestosis patients had decreasing DLCO, FVC and FEV1 in the follow-up,
whereas FEV1/FVC was elevated in five- to ten-year follow-up (Wang et al., 2010).
DLCO declined most rapidly in asbestos-exposed patients both with and without
asbestosis (Wang et al., 2010). A higher cumulative exposure associated, although
not significantly, with faster deterioration of DLCO and FVC (Wang et al., 2010).

Schneider et al. (2014) investigated PFTs and maximum cardiopulmonary
exercise test in asbestosis patients, revealing that asbestosis associated with lower
arterial oxygen pressure at rest and exercise. Furthermore, they found that the
severity of asbestosis associated with, for example, lower ventilation volume and
oxygen uptake. Lee et al. (2003) observed that lower oxygen saturation during
exercise was related to the severity of radiological changes in asbestosis patients,
and that weaker DLCO correlated with subjective breathlessness.

2.8.3 Bronchoalveolar lavage

Previous studies investigating BAL cell differential count of asbestosis patients
were mostly published in the 1980s and 1990s, and in those studies the number of
asbestosis patients was small, on average fewer than 20 patients (Table 2) (al Jarad
etal., 1993; Bégin et al., 1986; Bergantini et al., 2021; Callahan et al., 1990; Cantin
et al., 1989; Costabel et al., 1987; Garcia et al., 1989; Gellert et al., 1985; Hayes et
al., 1988; Kopinski et al., 2006; Lammi et al., 1999; Lenz et al., 1996; Robinson et
al., 1987; Rom et al., 1987; Scharfman et al., 1989; Schwartz et al., 1992; Walters
et al., 2013; Xaubet et al., 1986). A neutrophilic and eosinophilic cell pattern has
typically been observed in BAL of asbestosis patients. However, in most of those
studies, the patients’ smoking history has not been taken into account (Table 2). In
the guideline of ATS, a neutrophilic BAL cell pattern was reported to be typical for
asbestosis, similar to IPF (Meyer et al., 2012). Recently, cell differential counts of
asbestosis and other ILD patients were reported in which the patients with
asbestosis were distinguished from other ILDs with BAL macrophages higher than
74% and eosinophils higher than 0.5% (Bergantini et al., 2021).

Smoking is important to take into consideration when evaluating BAL findings,
since healthy smokers have been shown to exhibit higher BAL total cell count,
higher macrophage and lower lymphocyte differential counts than non-smokers or
ex-smokers (Frye et al., 2020; Heron et al., 2012; Karimi et al., 2012). Similar
results have also been found in the previous studies with asbestos-exposed smokers
who had higher total cell count and lower lymphocyte differential count than non-
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smokers or ex-smokers (Corhay et al., 1990; Cullen & Merrill, 1992; Kokkinis et
al., 2011).

Table 2. Studies reporting bronchoalveolar lavage fluid cell differential count in
asbestosis patients.

Reference Number of patients Neutrophils >3% Eosinophils >1%
al Jarad et al., 1993’ 21 X X
Bégin et al., 1986 19 X X
Bergantini et al., 2021 41

Callahan et al., 1990 9 X X
Cantin et al., 1989 10 X
Costabel et al., 1987 7

Garcia et al., 1989 12 X X
Gellert et al., 1985 27 X X
Hayes et al., 1988 8 X X
Kopinski et al., 2006 9

Lammi et al., 1999 5 X
Lenz et al., 1996 6 X
Robinson et al., 1987 10 X X
Rom et al., 1987 18

Scharfman et al., 1989 6 X

Schwartz et al., 19922 25

Walters et al., 2013 21 X

Xaubet et al., 1986 27 X

"Mean neutrophils + eosinophils 7%. 2Absolute number of cell types was reported when higher amounts
of macrophages, neutrophils and eosinophils was observed in asbestosis compared to asbestos-exposed

subjects.

The association of BAL parameters with lung function tests was studied in patients
with heavy asbestos exposure and ILO grade at least 1/0 in chest radiograph,
revealing that BAL neutrophils associated with baseline FEV1 and DLCO, but not
with annual declines of PFTs in the follow-up (Rom, 1992). In a more recent study,
Walters et al. (2013) reported that BAL neutrophils associated with lower baseline
DLCO in patients with asbestosis, but they did not observe an association between
neutrophils and DLCO decline in the follow-up. Another study reported an
association between BAL neutrophils and bilateral crackles in auscultation and
decreased partial pressure of oxygen (pO2) in arterial blood in patients with
asbestosis (Xaubet et al., 1986).

The number of ABs in BAL fluid has traditionally been utilised in the
evaluation of past asbestos exposure. A few previous studies have studied the
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association of BAL ABs with the BAL cell profile. Kokkinis et al. (2011) observed
that BAL ABs associated with BAL lymphocytosis in asbestos-exposed healthy
study subjects while Corhay et al. (1990) noticed that neutrophil differential count
was higher in the BAL samples with more than 10 AB/ml compared to those with
under 1 AB/ml (Corhay et al., 1990; Kokkinis et al., 2011).

2.8.4 Comorbid diseases

Previous studies published on comorbidities of asbestosis patients have focused on
malignant diseases, benign pleural disease, emphysema and neurological signs.
Asbestosis patients had increased risk of developing malignant disease, especially
lung cancer and mesothelioma (Karjalainen et al., 1999; Oksa et al., 1997; Reid et
al., 2005). High risk of developing any cancer, lung cancer or mesothelioma was
observed in both middle-aged and elderly asbestosis patients (Oksa et al., 1997).

Lung cancer has been a commonly reported comorbidity of asbestosis patients.
In previous studies, standardised incidence ratio also showed increased risk when
estimating separately different histological lung cancer subtypes such as
adenocarcinoma, squamous cell carcinoma and small cell carcinoma (Karjalainen
et al., 1999; Oksa et al., 1997). Both asbestos exposure and asbestosis have been
observed to be risk factors for lung cancer (Markowitz et al., 2013; Reid et al.,
2005). Patients with asbestosis have been shown to be at high risk of developing
lung cancer even when exposure history was taken into account (Hughes & Weill,
1991; Markowitz et al., 2013; Reid et al., 2005). The lung cancer risk of asbestosis
patients was also higher compared to patients with benign pleural disease
(Karjalainen et al., 1999). Smoking also increased the lung cancer risk in asbestosis
patients (Markowitz et al., 2013; Oksa et al., 1997).

Karjalainen et al. (1999) reported increased incidence of laryngeal cancer in
addition to any cancer, lung cancer and mesothelioma in patients with asbestosis
although a statistically significant increase in incidences of other cancer types was
not found (Karjalainen et al., 1999). The lung cancer risk was elevated both at the
beginning and at the end of follow-up since notification in the Finnish Registry of
Occupational Diseases (Karjalainen et al., 1999). On the other hand, disease
progression and severity of asbestosis was associated with increased risk of any
cancer and lung cancer in the Finnish studies (Juntunen et al., 1997; Partanen et al.,
1995a).

Malignant diseases were abundantly reported in autopsied cases with
asbestosis in a Japanese study (Murai & Kitagawa, 2000). Altogether 61% of the
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asbestosis cases had cancer, of which the most common types were lung cancer
(33%), mesothelioma (14%) and stomach cancer (5.5%). Lymphomas and liver,
prostatic, laryngeal, pancreas, rectal and other cancers were also reported (Murai
& Kitagawa, 2000). The prevalence of mesothelioma, lung and laryngeal cancers
in asbestosis patients was significantly higher compared to cases without asbestosis
(Murai & Kitagawa, 2000).

Several Finnish studies investigating serum oncoproteins and cytokines in
asbestosis patients were published in the 1990s. Serum tumour necrosis factor alpha
(TNF-a) and epidermal growth factor receptor (EGFr) were increased in Finnish
asbestosis patients who developed cancer (Partanen et al., 1994, 1995a), while
transforming growth factor alpha (TGF-a), mutant p53 protein and the extracellular
domain of the erbB-2 receptor did not significantly differ between patients with and
without cancer (Hemminki et al., 1996; Partanen et al., 1995b).

In a study from Hong Kong 76% of the patients had some comorbidity at the
time of diagnosis of asbestosis, when 16% suffered from malignant disease, mostly
lung cancers and mesotheliomas (Chen et al., 2012). Another recent study on
British asbestosis patients revealed that 73% had benign pleural disease, 1% had
mesothelioma, and 1% had lung cancer at the time of asbestosis diagnosis (Walters
etal., 2018).

The prevalence of neurological signs was observed to be high since 21% had
peripheral, 14% central and 15% both peripheral and central nervous system
disorders (Juntunen et al., 1997). The central nervous system disorders associated
with the development of malignant disease (Juntunen et al., 1997). In another
Finnish study, no association between nervous system disorders and lung function
was found in asbestosis patients (Korhonen et al., 1983).

In a Brazilian study, 81% out of 63 patients with asbestosis had pleural plaques
while 44% patients had emphysema in HRCT (Nogueira et al., 2011). PFTs did not
significantly differ in subjects with or without pleural plaques or emphysema
(Nogueira et al., 2011). Pleural abnormalities were also common in a Chinese study
in which 97% of the patients with asbestosis had pleural abnormalities (Yang et al.,
2018). In contrast, a Finnish study showed that 57% out of more than a hundred
asbestosis patients had pleural thickening and 41% had pleural calcification in chest
radiograph at the time of diagnosis of asbestosis, the values being 66% and 59% at
the time of re-examination (Zitting et al., 1978). In addition, 14% had emphysema
(Zitting et al., 1978). Pleural thickening was associated with lower VC and FEV1
in patients with mild asbestosis whereas pleural calcifications did not associate with
PFTs (Zitting et al., 1978).
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2.8.5 Prognosis

Asbestosis patients have been shown to have typically mild fibrosis in Finland
(Vierikko et al., 2010). On the other hand, asbestosis is a progressive disease and
progression is also seen in the decades following the end of the exposure (Cookson
et al., 1986; Ehrlich et al., 1992). Disease may also remain stable (Nogueira et al.,
2011; Suoranta et al., 1982). Asbestosis is generally thought to be a more slowly
progressive disease with better prognosis than IPF, although rapid progression may
also be seen occasionally (Cullinan & Reid, 2013; Guidotti et al., 2004). Recently,
a definition of progressive pulmonary fibrosis (PPF) in patients with non-IPF ILD
was published in which the diagnostic criteria require fulfilment of at least two out
of three of the following criteria: worsening of respiratory symptoms and
physiological and radiological evidence of disease progression (Raghu et al., 2022).
More than 20% of patients with asbestosis have been shown to exhibit a progressive
disease (Barnikel et al., 2019).

Asbestosis patients may suffer from AE like patients with other types of
pulmonary fibroses (Churg et al., 2011; Yamamoto, 1997). The diagnostic criteria
for AE of IPF were published in 2007 and updated in 2016 (Collard et al., 2007,
2016). Salonen et al. (2020b) reported that asbestosis and IPF patients had equally
poor survival after hospitalisation due to AE while the survival was shorter
compared to other ILD types. Non-IPF ILD patients, including asbestosis patients,
had worse survival after AE if they had long-term oxygen therapy before
hospitalisation, usual interstitial pneumonia (UIP) pattern in HRCT, or were over
80 years old (Salonen et al., 2020b). Salonen et al. (2020c) studied non-elective
hospitalisations of ILD patients, including 22 asbestosis patients, caused by acute
respiratory symptoms. They observed that the cause of hospitalisation was
associated with prognosis since AE associated with shorter survival than lower
respiratory tract infection. On the contrary, hospitalisation due to AE was related to
better survival compared to hospitalisation due to cardiovascular or multiple
reasons in non-IPF ILD patients (Salonen et al., 2020c).

Previous studies reporting factors associated with survival or disease
progression in asbestosis patients have been scarce and published mainly before
the year 2000 (Table 3). Cookson et al. (1986) reported that cumulative asbestos
exposure was associated with progression of pulmonary fibrosis. In Finnish studies,
more severe ILO category at baseline was associated with progression of asbestosis
(Oksa et al., 1998; Suoranta et al., 1982). In addition, certain laboratory tests such
as higher angiotensin-converting enzyme (ACE), carcinoembryonic antigen (CEA),
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complement 3 (C3), erythrocyte sedimentation rate (ESR), fibronectin and
immunoglobulin G antinuclear antibody (IgG-ANA) were associated with disease
progression, although the authors reported that differences in ACE, ESR and
fibronectin values between the patients with and without progression were too
small for clinical use (Huuskonen et al., 1984; Jarvisalo et al., 1984; Oksa et al.,
1998). Suoranta et al. (1982) observed that patients with disease progression were
younger and more often smokers while Partanen et al. (1995a) noticed that
development of cancer or lung cancer associated with progression of pulmonary
fibrosis.

Table 3. Previous studies on factors associated with survival or disease progression of

asbestosis.
Reference Number of study subjects Factors associated with  Factors associated with
(country) shorter survival disease progression

Cookson et al., 1985 354 (Australia) Baseline ILO category,

time since and age at

starting the work with

asbestos
Cookson et al., 1986 136 (Australia) Cumulative exposure
Coutts et al., 1987 167 (Great Britain) Finger clubbing Finger clubbing
Huuskonen, 1978 165 (Finland) Smoking
Huuskonen et al., 1984 115 (Finland) C3 and IgG-ANA
Jarvisalo et al., 1984 90 (Finland) CEA
Oksa et al., 1998 85 (Finland) Baseline ILO category
Partanen et al., 1995a 111 (Finland) Development of cancer

and lung cancer

Suoranta et al., 1982 85 (Finland) Baseline ILO category

C3 = complement 3, CEA = carcinoembryonic antigen, IgG-ANA = immunoglobulin G antinuclear
antibody, ILO = International Labour Organization classification

Little has been known about the factors associated with survival in patients with
asbestosis (Guidotti et al., 2004). As far as we are aware, no previous study has
reported median survival time in a whole cohort of asbestosis patients. In an
Australian study from the 1980s, the severity of radiographic findings in chest x-
ray (ILO category), time since starting work with asbestos, and age at starting work
with asbestos were associated with all-cause mortality in asbestosis patients
(Cookson et al., 1985). The severity of radiographic changes (ILO category)
associated with mortality from asbestosis while time since starting the work and
age at starting the work associated with mortality from lung cancer. The survival
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time since asbestosis compensation claim was longer in lower ILO categories, i.¢.,
17 years in ILO 1, 12 years in ILO 2, and three years in ILO 3 (Cookson et al.,
1985). In a Finnish study, the survival time of non-smokers and ex-smokers was
long (23.8 years) while smoking associated with shorter survival (10.6 years)
(Huuskonen, 1978) It is worthy of note that the Finnish study also included several
patients who were under fifty years old at the time of diagnosis of asbestosis
(Huuskonen, 1978). Coutts et al. (1987) reported that finger clubbing was
associated with both shorter survival and progression of pulmonary fibrosis.

In an Italian study investigating hospitalisations of asbestosis patients between
2001-2015, 56.8% of the hospitalisations were elective while 42.7% were non-
elective (a total of 17,220 hospitalisations) (Ferrante, 2019) In the abovementioned
study, the patients stayed on average 8.6 days in hospital and the most common
causes for hospitalisation were respiratory disorders (62.8%), and 5.7% of the
patients died (Ferrante, 2019). In the study of Salonen et al. (2020c¢), median time
since diagnosis to non-elective hospitalisation due to respiratory reasons was 5.9
years, while survival time after hospitalisation was 1.9 years in non-IPF ILD
patients, including asbestosis patients. 45% of the non-elective hospitalisations of
asbestosis patients were due to AE, and AE was the most common cause of
hospitalisation in non-IPF-ILD patients, followed by lower respiratory tract
infection and other ILD-related reasons (Salonen et al., 2020c).

BAL samples are not routinely used for the assessment of prognosis in ILD
patients (Meyer et al., 2012). To the best of our knowledge, there are no previous
studies of association of BAL cell profile with prognosis in asbestos patients.
However, previous studies have investigated BAL cell profile in relation to
prognosis in other ILDs, where low lymphocyte, high macrophage, high neutrophil
and high eosinophil differential counts have been found to be related to shorter
survival (Boomars et al., 1995; Kakugawa et al., 2016; Kinder et al., 2008;
Macaluso et al., 2022; Ryu et al., 2007; Thomeer et al., 2004). Salonen et al. (2020a)
discovered BAL basophils to associate with both shorter survival time and earlier
occurrence of AE in ILD patients, also including asbestosis cases.

The relation of baseline PFTs to survival has been investigated in ILDs but to
our knowledge, there are no previous studies in English literature on this topic in
asbestosis (Jacob et al., 2017a, 2017b; Kérkkéinen et al., 2019; Nurmi et al., 2017).
Risk assessment models such as CPI and GAP, determined on the basis of lung
function results, were created for IPF patients to estimate the prognosis (Ley et al.,
2012; Wells et al., 2003). CPI and GAP have also been studied in other ILDs (Jacob
et al., 2017a, 2017b; Nurmi et al., 2017; Ryerson et al., 2014, 2015). Salonen et al.
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(2020c) observed that GAP stage associated with both mortality and risk of AE in
an ILD cohort including 22 asbestosis patients. To our knowledge, GAP or CPI has
not previously been studied in cohorts with only patients with asbestosis. Table 4
displays the calculation for GAP stage. CPl is calculated with the formula described
by Wells et al. (2003): CPI = 91.0 — (0.65 x DLCO percent predicted) — (0.53 x
FVC percent predicted) + (0.34 x FEV1 percent predicted).

Table 4. Calculation of GAP points (modified from Ley et al., 2012).

Variable Classification Points
Gender Female 0
Male 1
Age (years) At most 60 0
61 to 65 1
More than 65 2
Physiology
FVC percent predicted More than 75 0
50to 75 1
Less than 50 2
DLCO percent predicted More than 55 0
36 to 55 1
At most 35 2
Cannot perform 3
GAP
Stage | Oto3
Stage I 4t05
Stage I 6to08

DLCO = diffusion capacity for carbon monoxide, FVC = forced vital capacity, GAP = gender, age and
physiologic variables

2.8.6 Causes of death

Previous studies have observed high overall, all cancer, lung cancer, mesothelioma
and respiratory disease mortality in patients with asbestosis (Berry, 1981; Chen et
al., 2012; Cookson et al., 1985; Finkelstein et al., 1981; Germani et al., 1999;
Huuskonen, 1978; Oksa et al., 1997; Szeszenia-Dabrowska et al., 2002; Zhong et
al., 2008). Chen et al. (2012) also revealed increased mortality from heart diseases
and myocardial infarction, although the results were not statistically significant
when smoking was taken into account, whereas statistically significantly elevated
overall any cancer and lung cancer mortality was observed in both smoking
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adjusted and unadjusted analysis. They also observed that duration of asbestos
exposure associated with increased overall mortality and several specific
mortalities such as asbestosis, any cancer, mesothelioma, lung cancer and
pneumonia (Chen et al., 2012). Increased risk of death due to pneumonia was
observed in a study on Finnish asbestosis patients (Vehmas et al., 2012). By way of
exception, Germani et al. (1999) studied female asbestosis patients and they also
found increased mortality for several other malignancies such as ovarian, uterine,
colon and sigmoid and peritoneal and retroperitoneal cancer.

Table 5. Previous studies reporting causes of death in patients with asbestosis.

Reference Number of study subjects The most common causes of
(country) death
Berry, 1981 295 (Great Britain) Lung cancer (38%)

Chen et al., 2012

86 (Hong Kong)

Asbestosis (24%)

Mesothelioma (20%)
Lung cancer (16%)
Cookson et al., 1985 118 (Australia) Pneumoconiosis (24%)
Respiratory neoplasm (22%)
Heart disease (19%)
Non-malignant respiratory
disease (36%)
Lung cancer (15%)
Mesothelioma (15%)
Lung cancer (36%)
Asbestosis (24%)
Circulatory system disease (7,5%)
Asbestosis (42%)

Lung cancer (32%)

Finkelstein et al., 1981 61 (Canada)

Harding & Darnton, 2010 477 (Great Britain)

Huuskonen, 1978 62 (Finland)

Szeszenia-Dabrowska et al., 2002 276 men, 117 women (Poland) Circulatory system disease (39%
and 39%)’

Malignant neoplasm (33% and
29%)"

Respiratory disease (15% and
17%)’

'Percentage of men and women

Previous studies have observed that the most common causes of death in asbestosis
patients were lung cancer and asbestosis (Table 5) (Berry, 1981; Chen et al., 2012;
Cookson et al., 1985; Harding & Darnton, 2010; Huuskonen, 1978). Circulatory
system diseases, followed by malignant diseases, were the most common cause of
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death in Polish asbestosis patients (Szeszenia-Dabrowska et al., 2002).
Cardiovascular diseases were also relatively common causes of death in asbestosis
patients in other studies (Cookson et al., 1985; Harding & Darnton, 2010).

2.9 Treatment

There is currently no curative pharmacological therapy for asbestosis, nor is there
any efficient treatment to prevent the development of asbestosis after exposure
(Bennett & Brims, 2020; Guidotti et al., 2004). Antifibrotic drugs have been shown
to slow down the disease progression in IPF (King et al., 2014; Richeldi et al.,
2014). Recent studies, including some subjects with asbestosis, have observed that
these drugs may also be effective in other pulmonary fibroses in addition to IPF
(Behr et al.,, 2021; Bennett & Brims, 2020; Flaherty et al., 2019). A recent
international guideline gave a conditional recommendation of the use of nintedanib
in the treatment of PPF whereas more research of the use of pirfenidone in PPF is
needed (Raghu et al., 2022). In February 2022, Kela reimbursement for nintedanib
for treatment of PPF in Finland began, enabling the use of nintedanib also with
asbestosis cases when the criteria of PPF are met (The Social Insurance Institution
of Finland (Kela), n.d.). A recently published study on pirfenidone treatment
included 9 patients with asbestosis with progressively decreasing lung function
(Miedema et al., 2022). A clinical trial on nintedanib treatment for asbestosis and
other pneumoconiosis is registered (The Nintedanib in Progressive
Pneumoconiosis Study (NiPPS): A Collaborative NSW Treatment Trial, 2019).

Pneumococcal and influenza vaccinations are recommended for asbestosis
patients (Wolff et al., 2015). Treatment also includes cessation of smoking and
treatment of comorbidities (Bennett & Brims, 2020).

In a randomised controlled trial in 142 ILD patients, including 22 asbestosis
patients, exercise training was observed to be effective in improving health-related
quality of life and six-minute walk distance (Dowman et al., 2017) The greatest
benefit of exercise training was observed in asbestosis patients (Dowman et al.,
2017). Ochmann et al. (2012) studied pulmonary rehabilitation in 263 subjects with
occupational respiratory disease, including 66 patients with asbestosis. After the
rehabilitation period, maximum exercise capacity and muscle strength were
improved and anxiety was diminished (Ochmann et al., 2012).

Corticosteroids and antibiotics have been commonly used in the treatment of
AE of IPF (Kreuter et al., 2020). Salonen et al. (2020b) reported medications during
AE of ILD where corticosteroids and antibiotics were used both for non-IPF ILD,
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also including asbestosis, and IPF patients. In addition, antimycotics, antiviral
treatment and cyclophosphamide were used in some cases (Salonen et al., 2020b).

Lung transplantation may be considered in some patients. Today, the most
common indication for lung transplantation is ILD both in Finland and worldwide
(Halme, 2017). In a study from the United States, 29 lung transplantations on
patients with asbestosis were conducted between 1991-2018, most of which were
unilateral (66%) (Blackley et al., 2020). The asbestosis patients who had undergone
lung transplantation were older (62 years) compared to other pneumoconiosis and
their mean FVC and FEV1 were about 51%. Survival time after lung
transplantation of asbestosis patients was similar to IPF; one-year survival was 82%
and three-year survival 65%, with a median survival of 8.2 years (Blackley et al.,
2020). In a recent study on lung transplantations of IPF and work-related lung
diseases including three asbestosis patients, PFTs or survival after lung
transplantation did not significantly differ in IPF and work-related lung disease
patients (Ju et al., 2023). In Finland, the ten-year survival rate after lung
transplantation with the indication of ILD or other reason is more than 50% (Halme,
2017).
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3 Aims of the study

The principal aim of the research was to investigate asbestosis from the perspective
of ILDs using similar methods as have been used in other ILDs. Our objective was
to reveal clinical features as well as potential prognostic factors in patients with
asbestosis.

The more specific aims were:

1. to clarify the BAL cell profile in asbestosis patients taking into account
smoking history (I)
to study lung function at the time of asbestosis diagnosis (1)

3. to find out the most common comorbid diseases and causes of death including
immediate causes of death (III)

4. to study prognosis of asbestosis and potential prognostic factors which have
been previously observed to be useful in the evaluation of prognosis of other
ILDs, such as BAL cell profile (I), PFTs, risk predicting models (GAP and CPI)
(I1) and comorbidities (I1I)
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4 Methods

41 Study population

The study cohort included patients with asbestosis treated in the Respiratory
Medicine Clinic of the Oulu University Hospital. The study population was
searched retrospectively from the database of the hospital by utilising the
International Classification of Diseases (ICD) 10" edition code J61 for asbestosis.
The period from 1996 to 2015 was selected as the time period, since the use of
ICD-10 began officially in Finland in the year 1996 (Finnish Institute for Health
and Welfare, 2011). The Helsinki criteria have been used in the diagnostics for
asbestosis in Finland (Tossavainen, 1997; Wolff et al., 2015). The correctness of
asbestosis diagnoses was re-evaluated based on patients’ medical records and
radiological reports. The exposure history was reported either as fibre years, when
the patients were estimated to have at least moderate (10—24 fibre years) asbestos
exposure, or as a description of the work history, often combined with a BAL
finding, in which case the clinicians had concluded that the exposure was sufficient
for the diagnosis of asbestosis. In addition, all the included study subjects were
evaluated to have radiologically confirmed pulmonary fibrosis consistent with
asbestosis. The patients who did not meet the diagnostic criteria for asbestosis were
excluded from the study. In Oulu University Hospital, most patients with suspected
ILD are discussed in a multidisciplinary meeting; furthermore, those with probable
occupational exposure, such as asbestos exposure, are also discussed in an
occupational multidisciplinary meeting. The studies included about 100 patients
with asbestosis: 91 patients in study I, 100 patients in study II, and 116 patients in
study III. Study I consisted of patients from whom a BAL sample was gathered
during bronchoscopy. Study II included patients on whom information was
available about the first hospital visit and PFT results were available at the time of
asbestosis diagnosis.

4.2 Data collection

Data was gathered from the patients’ medical records and death certificates.
Electronic medical records have been utilised in Oulu University Hospital for more
than 20 years. Data was also collected from card files if the information could not
be found from the electronic medical records. The information collected included
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dates of birth, initial hospital visit, asbestosis diagnosis, death or latest hospital visit,
as well as gender, occupation, smoking status, BAL results, PFTs, comorbid
diseases and causes of death. Patients were divided into three smoking groups:
current smokers, ex-smokers, and non-smokers. If the smoking history was minor,
i.e., three pack-years at most, the patient was classified as a non-smoker. Survival
time was the interval from the baseline to death or the latest hospital visit. Baseline
date was the date of BAL in study I, the date of spirometry in study II, and the date
of diagnosis in study III. Survival data was updated until August 2017 in study I,
June 2018 in study II, and January 2022 in study III.

Both patient medical record reports and diagnostic codes were checked, when
collecting comorbidities from the hospital medical record system and death
certificates. Presence of pleural plaques and emphysema was reviewed from
radiological reports. Basal cell carcinomas of the skin were not included when
analysing cancers due to their prevalence and relatively good prognosis.

4.3 Bronchoalveolar lavage procedure and data

The BAL procedure has been performed as part of systematic practice for several
decades in Oulu University Hospital. In most cases, the BAL sample was collected
from the right middle lobe (n = 76) and a total of 200 ml 37°C sterile saline in
portions of 20 ml was instilled into the lung segment and aspirated manually. The
volume of the recovered sample was on average 123 ml. The BAL samples were
prepared in the pathology department and stained with Papanicolaou (PAPA) and
May-Griinwald-Giemsa (MGGQ) stainings. The number of ABs was counted from
Berlin blue staining. BAL data was collected from pathologist reports. If a patient
had undergone more than one BAL examination, the one closest to the time of
asbestosis diagnosis was selected.

BAL results were reported in the whole cohort as well as by smoking status.
BAL cell differential count was reported as percentages, since the results are
reported as percentages in pathologist reports in the Oulu University Hospital and
most of the previous studies have applied percentages as well. In division to groups,
we utilised the reference values of BAL cell differential counts as cut-off values:
macrophages at least 80%, lymphocytes at most 15%, neutrophils at most 3%, and
eosinophils at most 1% (Meyer et al., 2012). We did not analyse survival based on
PAPA eosinophils because only two subjects had PAPA eosinophils. 2AB/ml was
chosen as cut-off value for BAL ABs to obtain groups of approximately equal size.
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4.4 Pulmonary function tests

PFT results were collected closest to the first hospital visit at the time of asbestosis
diagnosis. The collected spirometry results included FVC, FEV1 and FEV1/FVC.
Both haemoglobin-corrected DLCO and DLCO per unit of lung volume
(DLCO/VA) were collected. Finnish reference values from 1982 were used in the
evaluation (Viljanen et al., 1982a, 1982b).

4.5 Gender, age and physiologic variables and composite
physiologic index

GAP score was calculated according to the Ley et al. (2012) scoring based on
gender, age, FVC and DLCO (Table 4). The formula of Wells et al. (2003) for CPI
calculation was used: CPI=91.0- (0.65 x DLCO percent predicted) — (0.53 x FVC
percent predicted) + (0.34 x FEV1 percent predicted). Cut-off value CPI score 41
was chosen in our analyses based on a previous study in IPF (Mura et al., 2012).

4.6 Ethics

The Regional Ethics Committee of the Northern Ostrobothnia Hospital District
approved the study protocol. Statistics Finland gave permission for the use of death
certificates. Consent for participation or publication was not collected from the
participants because in accordance with Finnish legislation, consent was not
required due to the register-based nature of the project.

4.7 Statistics

We performed analyses with IBM SPSS statistics. Results are presented as means,
median values or number of patients when appropriate. Chi square tests were used
in the comparison of categorical variables. Comparison of means was performed
with independent sample t-test or analysis of variance, while comparison of skewed
distributions was performed with Mann-Whitney U test or Kruskal-Wallis test.
Survival was estimated with Kaplan-Meier survival curves while statistical
significance was analysed with log-rank test. Cox regression analysis was used to
perform multivariate analyses. A p-value less than 0.05 was interpreted as a
statistically significant result.

49



50



5 Results

5.1 Patient characteristics (Studies |, Il and Ill)

The study consisted of 91 patients with asbestosis in Study I, 100 patients in Study
II, and 116 patients in Study III. Patients were on average 68 years old at the time
of asbestosis diagnosis. The diagnoses of asbestosis were set between the years
1981 and 2015, being most common between 1996 and 2010 (n =79, 68%) (Figure
2). There were only five female patients in the study. Most of the patients had a
history of smoking (n = 86, 74%), although many of them (n = 66) had stopped
smoking before the asbestosis diagnosis. Construction worker (22%), plumber or
pipe fitter (16%), carpenter (7.8%) and car mechanic (6.9%) were the most
common occupations. Other common occupations included electrician (5.2%),
house painter (5.2%), mechanical engineer or machinist (4.3%), and property
manager or caretaker (4.3%).
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Fig. 2. Year of asbestosis diagnosis
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5.2 Bronchoalveolar lavage (Study )

Detailed information of BAL variables is presented in Table 6. Mean BAL total cell
count was 226x10%1. Asbestosis patients exhibited a neutrophilic cell pattern in
MGG and PAPA staining. Higher total cell count, macrophage differential count
and lower lymphocyte differential count was observed in smokers compared to
non-smokers and ex-smokers. BAL of non-smoking asbestosis patients showed
lymphocytosis.

Table 6. Bronchoalveolar lavage fluid variables in patients with asbestosis. Modified
from Paper l.

Variable All Non-smokers Ex-smokers Smokers p-value
N=91 N=23 N=55 N=13
mean+SD mean+SD mean+SD mean+SD
AB/ml’ 1.9 1.7 1.4 4.3 NS
Total cell count (x10°/L) 226+165 180464 204+153 4024228 0.007
MGG
Macrophages% 74.3+18.1 67.8+18.7 73.8+18.2 88.0+6.0 <0.001
Lymphocytes% 16.6+£15.6 24.8+19.6 15.9+£13.7 5.3+2.6 <0.001
Neutrophils% 6.5+11.4 5.3+6.1 7.9+13.9 2.942.3 NS
Eosinophils% 2.44+2.8 2.0£2.1 2.3+2.8 3.7£3.9 NS
PAPA
Macrophages% 72.5+18.0 66.2+17.9 71.3x17.9 88.5+6.0 <0.001
Lymphocytes% 19.1£15.2 27.9+17.8 18.5+£13.3 6.0+£3.2 <0.001
Neutrophils% 8.4+11.6 5.8+6.4 10.1£14.0 5.5+4.9 NS
Eosinophils% 0.0£0.2 0.0£0.2 0.0£0.3 0.0£0.0 NS

'Data is presented as median values. ABs was measured in 89 patients. Means are compared with
analysis of variance and ABs with Kruskal Wallis test. AB = asbestos body, MGG = May-Griinwald-
Giemsa, NS = non-significant, PAPA = Papanicolaou

The number of ABs varied from 0 to 1,850 AB/ml. The median number of ABs was
1.9/ml. A similar trend as in smoking was seen with ABs in relation to the BAL cell
profile, since more than 2AB/ml was related to a higher total cell count (282x10°/1
vs 175x10%/1; p = 0.002), higher macrophage (MGG 79.1% vs 69.9%; p = 0.016
and PAPA 77.8% vs 67.6%; p = 0.007) and lower lymphocyte (MGG 13.1% vs
19.8%; p = 0.041 and PAPA 14.7% vs 23.1%; p = 0.007) differential counts. There
was no significant difference in smoking status between patients with more than 2
AB/ml and at most 2 AB/ml.
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5.3 Pulmonary function tests (Study Il)

PFT results are presented in Table 7. Mean spirometry values, FVC and FEV1,
were near the lower limit of the reference values, i.e., FVC 81% and FEV1 78%.
Restrictive spirometry was a common finding. A few patients had obstruction,
mostly observed in ever-smokers. Decreased DLCO was observed (mean 65%),
while smokers had more decreased DLCO (p = 0.007) and DLCO/VA results (p =
0.043) (Table 7). FVC, FEV1 or FEV1/FVC did not differ significantly between
smoking groups.

Table 7. Pulmonary function results in patients with asbestosis. Modified from Paper II.

Variable All Non-smokers Ex-smokers Smokers
N=100 N=29 N=54 N=17
N (%) or mean+SD N (%) or mean+SD N (%) or mean+SD N (%) or mean+SD

FVC and FEV1/FVC 41 (42.3) 11 (40.7) 26 (49.1) 4 (23.5)
normal’

Restrictive' 35 (36.1) 12 (44.4) 13 (24.5) 10 (58.8)
Obstructive' 9(9.3) 1(3.7) 7(13.2) 1(5.9)
Combined’ 12 (12.4) 3(11.1) 7(13.2) 2(11.8)
FvVC 81.2+16.8 80.4+14.7 84.0+£18.1 73.7£13.6
FEV1 77.9£17.0 79.4£16.2 79.2+18.5 71.2+11.5
FEV1/FVC’ 96.2+11.7 97.849.0 94.9+12.8 97.7+11.8
DLCO 65.0£18.9 68.3+17.0 67.2+18.6 52.1+18.5
DLCO/VA? 79.4£19.4 84.0£17.0 80.2+19.7 69.4+19.4
CPI 32.2+15.2 30.9+13.4 29.7+15.1 42.3+15.0

Spirometry and diffusion capacity results are reported as percentage of the reference value. 'Data is
missing for two non-smokers and one ex-smoker. ?Data is missing for one non-smoker. FVC normal = 2
80%, FEV1/FVC normal = 288%, restrictive = FVC < 80% and FEV1/FVC = 88%, obstructive = FVC =
80% and FEV1/FVC < 88%, combined = FVC < 80% and FEV1/FVC < 88%. CPI = composite physiologic
index, DLCO = diffusion capacity for carbon monoxide, DLCO/VA = diffusion capacity for carbon
monoxide per unit of volume, FEV1 = forced expiratory volume in one second, FVC = forced vital

capacity

5.4 Comorbidities (Study Ill)

Pleural plaques were observed in nearly every patient (96%). The next most
common comorbidities were coronary artery disease (67%) and chronic obstructive
pulmonary disease (COPD) (54%). Other cardiovascular diseases were also
common, since the prevalence of arteriosclerosis obliterans (ASO), atrial
fibrillation, diabetes, heart failure, hypertension and stroke or transient ischemic
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attack (TIA) was between 20% to 50%. 23% of the patients had asthma and 8.6%
had rheumatoid arthritis. Malignant diseases were common (n = 42, 36%) and of
these, lung cancer (n = 18, 16%) and prostate cancer (n =9, 7.8%) were the most
frequent. One patient had mesothelioma and two patients had colorectal cancer. The
prevalence of coronary artery disease, any cancer or lung cancer did not differ
significantly between non-smokers and ever-smokers.

5.5 Prognostic factors (Studies I, Il and Ill)

5.5.1 Bronchoalveolar lavage (Study |)

Median estimated survival was 132 months in Study I. Several BAL variables were
significant prognostic factors since a low percentage of BAL lymphocytes, a high
percentage of BAL neutrophils and eosinophils and a high number of BAL ABs
associated with shortened survival of the patients. Association of BAL results with
survival is presented in more detail in figures 3, 4 and 5. There was no association
between BAL macrophages with survival.
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Fig. 3. Bronchoalveolar lavage fluid lymphocytosis associated with longer survival
(MGG 196 vs 104 months; p = 0.012 and PAPA 179 vs 77 months; p = 0.005). MGG
lymphocytes > 15% n = 30, < 15% n = 61; PAPA lymphocytes > 15% n = 40, < 15% n =
51. Modified from Paper I. MGG = May-Griinwald-Giemsa, PAPA = Papanicolaou
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Fig. 4. Increased percentage of bronchoalveolar lavage fluid neutrophils associated
with shorter survival (MGG 104 vs 170 months p = 0.038; PAPA 102 vs 180 months, p =
0.016). MGG neutrophils > 3% n = 49, < 3% n = 42; PAPA neutrophils > 3% n =62, < 3%
n = 29. Modified from Paper I. MGG = May-Griinwald-Giemsa, PAPA = Papanicolaou
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Fig. 5. Increased percentage of bronchoalveolar lavage fluid eosinophils and high
number of ABs associated with shorter survival. The median estimated survival in
patients with eosinophils > 1% (n = 44) 104 months vs < 1% (n = 47) 170 months, p =
0.007. The median estimated survival in patients with > 2AB/ml (n = 44) 78 months vs <
2AB/ml (n = 45) 165 months, p = 0.042. Modified from Paper |. AB = asbestos body, MGG
= May-Griinwald-Giemsa

5.5.2 Pulmonary function tests, gender, age and physiologic
variables and composite physiologic index (Study Il)

Median survival of Study II subjects was 124 months. Most of the patients belonged
to GAP stage I at baseline. No significant difference in smoking status was
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observed between the three GAP stages. The observed cumulative mortality in
different GAP stages is presented in Table 8. Furthermore, Figure 6 demonstrates
survival differences between GAP stages and CPI groups.

Table 8. Observed cumulative mortality in different GAP stages. Modified from Paper II.

Mortality GAP | (N=71) GAP Il (N=24) GAP |l (N=5)
N (%) N (%) N (%)

1 year 0 (0.0) 14.2) 0(0.0)

2 years 34.2) 6 (25) 3 (60)

3 years 3(4.2) 8 (33) 3 (60)

5 years 7 (10) 14 (58) 4 (80)

10 years 23 (39) 18 (86) 5 (100)

Twelve GAP | and three GAP Il patients were alive with follow-up time less than ten years, including one
GAP | patients with follow-up time less than five years. GAP = gender, age and physiologic variables
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Fig. 6. Both risk predicting models, GAP and CPI, associated with survival in patients
with asbestosis (p < 0.001). The median estimated survival of GAP stages | (n =71), Il (n
= 24) and lll (n = 5) were 171, 50 and 21 months, respectively, and survival of CPI < 41
(n =76) and > 41 (n = 24) was 164 and 47 months, respectively. Modified from Paper II.
CPI = composite physiologic index, GAP = gender, age and physiologic variables

Decreased DLCO and risk-predicting models GAP and CPI were associated with
mortality (Table 9). GAP stage II patients had 3.6 times higher and GAP stage 111
patients had 12.7 times higher mortality risk compared to GAP stage I patients.
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Table 9. Univariate analysis of pulmonary function tests and risk predicting models as
mortality predictors in asbestosis patients. Modified from Paper II.

Factor HR (95% ClI) p-value
Age at spirometry 1.08 (1.05-1.12) <0.001
Smoking

Non-smoker Reference group

Ex-smoker 1.12 (0.65-1.95) NS

Smoker 1.27 (0.63-2.54) NS
FVC percent predicted 0.99 (0.97-1.00) NS
FEV1 percent predicted 0.99 (0.98-1.01) NS
DLCO percent predicted 0.95 (0.94-0.97) <0.001
GAP

Stage | Reference group

Stage Il 3.58 (2.03-6.34) <0.001

Stage Il 12.69 (4.55-35.43) <0.001
CPI 1.05 (1.03-1.07) <0.001

CI = confidence interval, CPI = composite physiologic index, DLCO = diffusion capacity for carbon
monoxide, FEV1 = forced expiratory volume in one second, FVC = forced vital capacity, GAP = gender,

age and physiologic variables, HR = hazard ratio, NS = non-significant

5.5.3 Comorbidities (Study Ill)

Univariate analyses did not reveal any significant association between
comorbidities and mortality. Instead, in age-adjusted analyses, coronary artery
disease was significantly associated with mortality (HR 1.94; 95% CI 1.22 to 3.07;
p = 0.005) and hypertension was related to better survival (HR 0.56; 95% CI 0.36
to 0.86; p = 0.008). Lung cancer was related to shorter survival (HR 1.73; 95% CI
1.02 to 2.93; p = 0.042) in multivariate analyses including lung cancer, coronary
artery disease, hypertension, age at diagnosis and smoking. Other common
comorbidities did not associate with mortality.

5.6 Underlying and immediate causes of death (Study lll)

The most common underlying causes of death in patients with asbestosis in order
of prevalence were asbestosis or lung fibrosis (36%), coronary artery disease (24%),
lung cancer (10%), and other malignant diseases (8%). The most common
immediate cause of death was pneumonia (38%) followed by coronary artery
disease or myocardial infarction (18%), asbestosis or lung fibrosis (11%), and
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malignant diseases (9%), including lung cancer (n = 4). Acute exacerbation of
asbestosis was reported as immediate cause of death in two cases.

5.7 Survival after diagnosis of asbestosis (Study Ill)

The estimated median survival after diagnosis of asbestosis was 125 months. The
following results of this study material are previously unpublished. Figure 7
presents the number of deceased patients during the follow-up after diagnosis of
asbestosis. Five-year mortality rate was 19%, ten-year morality rate was 48%,
while twenty-year mortality rate was 86% in asbestosis patients. Mean age at the
time of death was 78.8 years. Patients with survival time less than five years (n =
22, 19%) after diagnosis of asbestosis were on average older (74.0 years vs 66.5
years; p < 0.001) and had lower FVC (67.9% vs 83.4%; p < 0.001) and DLCO
(46.7% vs 68.6%; p < 0.001) compared to patients with survival time more than
five years. The most common underlying causes of death in patients with survival
time less than five years were similar to the whole cohort; that is, asbestosis or lung
fibrosis (n = 10) and coronary artery disease (n = 7) were the most frequent
underlying causes of death in these patients. In addition, two patients died of lung
cancer and stroke and one of mesothelioma.
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Fig. 7. The number of deceased patients during follow-up after diagnosis of asbestosis.
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6 Discussion

Even though the number of new asbestosis cases has been decreasing in Finland
(Koskela et al., 2022), the number of asbestosis cases has been increasing globally
(Shietal., 2020; Yang et al., 2020). Furthermore, due to the ongoing use of asbestos
in certain countries and the long latency period of more than twenty years, it is not
expected that asbestosis will disappear in the near future (Guidotti et al., 2004; Virta,
2006). Asbestosis has been little studied in the 21% century. In recent years,
antifibrotic drugs have become available also for asbestosis patients with
progressive disease and new drugs for pulmonary fibroses are being studied
(ClinicalTrials. Gov, n.d.; The Social Insurance Institution of Finland (Kela), n.d.).
However, these antifibrotic drugs are expensive and have adverse effects, making
it important to identify patients who are likely to benefit from the medication
(Flaherty et al., 2019; Miedema et al., 2022). Therefore, studies on factors
influencing the prognosis of asbestosis patients are important and currently topical.

6.1 Study design and participants

We applied a retrospective real-life study design and gathered a relatively large
number of asbestosis patients who were treated in the Oulu University Hospital
between the years 1996 and 2015. We studied extensively the clinical features of
asbestosis patients, also taking into consideration smoking history. Furthermore,
we investigated factors associated with survival of the patients. Previously, little
was known about the factors affecting the prognosis of patients with asbestos-
induced pulmonary fibrosis and thus, many of our results are novel. Additionally,
none of the previous studies have reported BAL findings in a cohort of asbestosis
patients as large as ours and furthermore, none of the previous studies have reported
comorbid diseases as comprehensively as we.

In our study, most of the patients were male (96%), as has also been the case
in most of the previous studies, which is mostly explained by the fact that exposure
to asbestos has been more common in occupations where most of the workers are
men (Chen et al., 2012; Huuskonen, 1978; Walters et al., 2018). Instead, in previous
Finnish studies with IPF and RA-ILD, there have been more female patients (Table
10). In our study, the patients were on average 68 years at the time of diagnosis of
asbestosis, a finding that is similar to recent studies where the patients were 65
years (Yang et al., 2018) and 74 years (Walters et al., 2018). In the Finnish studies
from the 1970s and 1990s, the patients were younger, on average 56 years at the
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time of investigation (Huuskonen, 1978; Juntunen et al., 1997). Age at the time of
diagnosis of pulmonary fibrosis was similar in Finnish studies on IPF and RA-ILD
(Table 10). Most of our asbestosis patients had a history of smoking, similarly to
many previous studies with patients with asbestosis (Bergantini et al., 2021; Chen
et al., 2012; Huuskonen, 1978; Nogueira et al., 2011).

Table 10. Comparison of asbestosis patients to patients with IPF and RA-ILD (Study I,
Ill, Kérkkainen et al., 2017, 2018, 2019, Nurmi et al., 2016, 2017).

Variable Asbestosis IPF RA-ILD
(n=116) (n=132) (n=59)
Gender
Female (N (%)) 5 (4%) 35 (27%) 26 (44%)
Male (N (%)) 111 (96%) 97 (73%) 33 (56%)
Age at diagnosis (mean) 68 years 70.5 years 66 years
FVC (mean) 81% 7% 85%
FEV1/FVC (mean) 96% 101% 98%
DLCO (mean) 65% 56% 71%
CPI (mean) 32 40 27
Survival after diagnosis 125 months 42 months 107 months

of pulmonary fibrosis

(median)

Age at death (mean) 79 years 75 years 75 years

The most common Asbestosis (36%) IPF (68%) RA-ILD (39%)

causes of death Coronary artery disease Coronary artery disease Coronary artery disease
(24%) (15%) (21%)
Lung cancer (10%) Lung cancer (6%) RA (15%)

PFTs are reported as percent of predicted value. Information of PFTs and causes of death are missing
from a few patients. CPI = composite physiologic index, DLCO = diffusion capacity for carbon monoxide,
FEV1 = forced expiratory volume in one second, FVC = forced vital capacity, IPF = idiopathic pulmonary
fibrosis, PFTs = pulmonary function tests, RA = rheumatoid arthritis, RA-ILD = rheumatoid arthritis-

associated interstitial lung disease

In a recent British study with asbestosis patients diagnosed in a comparable time
period (2001 to 2015), the most common workplace or industry was construction
(44%), similarly as in a report by the Finnish Institute of Occupational Health from
2014 (Koskela et al., 2017; Walters et al., 2018). The most common occupations in
the British study were pipe fitter (13%), carpenter (11%), lagger (10%) and building
labourer (6%) (Walters et al., 2018). In a study from Hong Kong with asbestosis
patients diagnosed between 1985 to 2008, shipyard (44%), construction site (22%),
manufacturing (11%) and mechanical (7%) were the most common occupations
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(Chen et al., 2012). We observed that asbestosis patients in the Oulu area had
worked in similar types of occupations, such as construction worker, pipe fitter and
carpenter, as the asbestosis patients in Britain whereas shipyard work was more
common in Hong Kong (Chen et al., 2012; Walters et al., 2018). However, the
industry of the regions affects the results. The occupations observed in our study
differed from those observed in a study with asbestosis patients diagnosed by the
Finnish Institute of Occupational Health, published before the ban on the use of
asbestos, where the most common occupations were insulation (41%), asbestos
cement product factory (24%), asbestos quarry worker (22%) and asbestos sprayer
(6%) (Government Decree on the Prohibition of Manufacture, Import, Trade and
Use of Asbestos 3 §; Huuskonen, 1978).

6.2 Bronchoalveolar lavage cell profile

To our knowledge, our study is the largest one reporting BAL cell differential
counts in asbestosis patients. Moreover, there have been only a few new
publications on this topic during the 2000s (Table 2). Neutrophil differential count
was increased in our study, similarly to the previous studies (Table 2). Eosinophil
differential count in MGG was also increased, which is in line with the previous
studies as well (Table 2). Previous studies reporting a high neutrophil and/or high
eosinophil differential count often reported the lymphocyte differential count being
under 10% while in almost all other previous studies the lymphocyte differential
count was within the reference values (al Jarad et al., 1993; Bégin et al., 1986;
Bergantini et al., 2021; Callahan et al., 1990; Cantin et al., 1989; Garcia et al., 1989;
Gellert et al., 1985; Hayes et al., 1988; Kopinski et al., 2006; Lammi et al., 1999;
Lenzetal., 1996; Robinson et al., 1987; Scharfman et al., 1989; Walters et al., 2013;
Xaubet et al., 1986). The lymphocyte differential count was slightly above the
reference value in our study when analysing all study subjects without taking into
account smoking. Bergantini et al. (2021) reported a combination of macrophages
over 74% and eosinophils over 0.5% to be useful in differentiating asbestosis
patients from other ILDs; in our study, the MGG differential count for macrophages
was 74% and for eosinophils, 2.4%.

To the best of our knowledge, no previous studies have reported BAL cell
differential count taking into account the smoking histories of asbestosis patients
in the analyses. We observed that smokers had higher total cell count and higher
macrophage but lower lymphocyte differential counts. Results with a similar trend
have previously been detected in smokers with asbestos exposure history and
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without exposure history (Corhay et al., 1990; Cullen & Merrill, 1992; Frye et al.,
2020; Heron et al., 2012; Karimi et al., 2012; Kokkinis et al., 2011). Bergantini et
al. (2021) reported that in a group with various ILD patients, also including
asbestosis patients, smokers exhibited higher macrophage and lower lymphocyte
differential counts compared to former smokers and non-smokers. We observed
that non-smoking asbestosis patients (n =23) had a high percentage of lymphocytes
(25%) in BAL, which is an interesting result. High percentage of BAL lymphocytes
in asbestosis has also been reported in two previous studies (Costabel et al., 1987,
Rom et al., 1987). It is notable that there were only seven asbestosis patients in a
study of Costabel et al. (1987) with mean lymphocyte differential count 28%. In a
study of Rom et al. (1987), there were six non-smokers and twelve patients who
had quit smoking at least 5 years ago with mean lymphocyte differential count 21%,
which supports the finding of lymphocytosis in non-smoking asbestosis patients
observed in our study.

There have been only few previous studies which have reported an association
between BAL ABs and cell profile. Interestingly, the number of ABs in BAL fluid
associated with a similar type of BAL cell profile as in current smoking in our study.
It is worthy of remark that in our study, there was no significant difference in
smoking status between the groups based on BAL AB count, and therefore, the
association of ABs is not explained by smoking. Kokkinis et al. (2011) reported
BAL ABs to have the opposite effect on lymphocytes than in our study since the
presence of ABs in BAL associated with increased lymphocytes. Corhay et al.
(1990), on the contrary, observed that more than 10 AB/ml associated with
increased neutrophil percentage compared to under 1 AB/ml. These previous
studies have not, however, studied asbestosis patients, since Kokkinis et al. (2011)
studied healthy asbestos-exposed subjects and Corhay et al. (1990) studied
asbestos-exposed and possibly exposed patients, some of which suffered from
COPD and a few from pleural plaques. Thus, the results of the studies of Kokkinis
et al. (2011) and Corhay et al. (1990) are not completely comparable to those of
ours.

6.3 Pulmonary function tests

We observed that DLCO (65%) and FVC (81%) were decreased, DLCO more
clearly so, at the time of diagnosis. These results were expected based on the
knowledge of previous studies showing that usually, DLCO decreased first while
spirometry values decreased later as the disease progressed (Nogueira et al., 2011;
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Yang et al., 2018). Previous studies reporting PFTs of asbestosis patients at the time
of diagnosis have reported more or less coincident values, i.e., mean FVC 77% and
DLCO 60% in Chinese asbestosis patients and mean FVC 84.5% and DLCO 52%
in British asbestosis patients (Walters et al., 2013; Yang et al., 2018). In the Finnish
studies on patients with other ILDs, IPF patients had lower PFTs (mean FVC 77%
and DLCO 56%) and RA-ILD patients had higher PFTs (mean FVC 85% and
DLCO 71%) at the time of diagnosis of ILD compared to our asbestosis patients
(Table 10) (Karkkéinen et al., 2017; Nurmi et al., 2017).

Restriction has been a typical spirometry finding in ILDs, including asbestosis
(Algranti et al., 2001; Bégin et al., 1983; Miguel-Reyes et al., 2015) Many studies
have not observed a significant association between asbestos exposure and
FEVI1/FVC ratio (Abejie et al., 2010; Alfonso et al., 2004; Ameille et al., 2010;
Wang et al., 2006) and it was stated in the Helsinki criteria that asbestos does not
cause a purely obstructive ventilatory pattern (Wolff et al., 2015). Yang et al. (2018),
on the other hand, reported that the duration of asbestos exposure was in relation to
FEV1/FVC ratio in asbestosis patients without smoking history. In our study, most
of the asbestosis patients had either restrictive or normal spirometry results and
nearly all of the few patients with obstructive spirometry had a history of smoking.

6.4 Comorbidities

The patients in our asbestosis cohort suffered from several comorbidities. Similarly,
in previous studies with other ILDs, patients had many comorbid disecases
(Jovanovic et al., 2022; Kreuter et al., 2016; Mena-Vazquez et al., 2023; Wélscher
et al., 2020). Cardiovascular and respiratory comorbidities were common in
asbestosis patients, as has also been observed in IPF, chronic hypersensitivity
pneumonitis (CHP) and RA-ILD patients (Kéarkkdinen et al., 2017; Nurmi et al.,
2016; Raghu et al., 2015; Wilscher et al., 2020).

Interestingly, the prevalence of rheumatoid arthritis was as high as 8.6% in our
study material, which was much higher than the prevalence of rheumatoid arthritis
in general Finnish population (0.8%) (Aho et al., 1998). Furthermore, it is notable
that the risk of getting rheumatoid arthritis is higher in females while most of our
asbestosis patients (96%) were male (Crowson et al., 2011). On the other hand,
smoking increases the risk of rheumatoid arthritis and smoking history was
common in our patients (74%) (Padyukov et al., 2004). In addition, asbestos
exposure has been shown to be related to a higher risk of rheumatoid arthritis based
on the results of a previous Swedish study (Ilar et al., 2019).

63



The presence of obstructive pulmonary diseases was common in our asbestosis
cohort. The prevalence of asthma was 23% (n = 27), which is higher than in general
60- to 69-year-old Finnish male population (6.7%) (Hisinger-Mdlkdnen et al.,
2019). On the other hand, most of the asthma patients in our study had also COPD
(n = 18). To our knowledge, there have been no previous studies about the
prevalence of asthma in asbestosis patients, although in a Norwegian study,
asbestos exposure was associated with higher incidence of asthma symptoms and
asthma diagnosis (Eagan et al., 2002). COPD was also common (54%) in asbestosis
patients in our study. It is, however, worthy of note that most of the asbestosis
patients in our study had a history of smoking (74%). The prevalence of COPD has
been variable (6—67%) in patients with IPF according to a previous systematic
review (Raghu et al., 2015). In a Finnish study with IPF, the prevalence of COPD
was much lower (7.6%) compared to our asbestosis cohort, although almost two-
thirds of the patients with IPF had a history of smoking (Kéarkkéinen et al., 2017).

Previous studies investigating comorbidities have reported asbestosis patients
to be at increased risk of getting cancer, especially lung cancer or mesothelioma
(Karjalainen et al., 1999; Oksa et al., 1997; Reid et al., 2005). In line with the
previous results, malignant diseases were common in our study on asbestosis
patients since 36% of the patients had at least one malignant disease. The results of
our study were also in line with those of a previous Finnish study, where 41% of
the asbestosis patients had cancer, most commonly lung cancer (Juntunen et al.,
1997). The most common malignancies were lung and prostate cancer, while there
was only one mesothelioma case in our cohort. Malignant diseases were also
frequent in a Japanese study of autopsied cases with asbestosis in which as much
as 61% of the asbestosis cases had cancer, the most common types being lung
cancer (33%) and mesothelioma (14%) (Murai & Kitagawa, 2000). Compared to
the Finnish study of IPF patients, there were higher numbers of lung cancer and
other cancers in the asbestosis cohort since the prevalence of lung cancer was 16%
in the asbestosis cohort versus 6.8% in the IPF cohort, and for other cancers, 23%
vs 12%, respectively (Kédrkkdinen et al., 2017).

We observed that 16% of the asbestosis patients suffered from lung cancer.
This result was not surprising, since in addition to asbestos exposure, asbestosis has
been shown to be an independent risk factor for lung cancer even when exposure
history was taken into account (Hughes & Weill, 1991; Markowitz et al., 2013;
Reid et al., 2005). Smoking increased the risk of lung cancer also among asbestosis
patients (Markowitz et al., 2013; Oksa et al., 1997). Most of our asbestosis patients

64



had a history of smoking, although there was no significant difference in the
prevalence of lung cancer between non-smokers and ever-smokers.

Asbestos is known to be carcinogenic. In addition to lung cancer and
mesothelioma, asbestos also causes laryngeal and ovarian cancers (IARC Working
Group on the Evaluation of Carcinogenic Risks to Humans, 2012; Ngo et al., 2022).
However, we observed no laryngeal or ovarian cancers. The absence of ovarian
cancers was most likely due to the small number of female patients, since only 5
female patients were included in our study. Previously, an association between
asbestos and colorectal cancer was also reported with limited evidence (IARC
Working Group on the Evaluation of Carcinogenic Risks to Humans, 2012; Kwak
et al., 2019; Ngo et al., 2022). In our cohort, two patients had colorectal cancer,
which is, on the other hand, the second most common cancer type in Finnish men
and women (Pitkdniemi et al., 2022). In addition, asbestos exposure has been
related to prostate cancer risk (Dutheil et al., 2020). However, prostate cancer is the
most common cancer in Finnish males, the risk being 14.5%, which was probably
the reason for the relatively high number of prostate cancers observed in our study
(Pitkdniemi et al., 2022).

The most common benign disorder caused by asbestos is pleural plaques,
which was also the most prevalent (96%) comorbid disease in our asbestosis
patients (Guidotti et al., 2004; Murray et al., 2016). Pleural abnormalities were also
very common in the previous studies with asbestosis patients since in a Brazilian
study, 81% of the patients, and in a Chinese study, 97% of the patients had benign
pleural abnormalities in HRCT (Nogueira et al., 2011; Yang et al., 2018).

6.5 Disease course in asbestosis

To our knowledge, this is the first study reporting median survival time in a whole
cohort of asbestosis patients. A few previous studies have reported survival
information in variable groups in asbestosis cohorts (Cookson et al., 1985; Coutts
et al., 1987; Huuskonen, 1978). In a study by Coutts et al. (1987), more than 60%
of patients without finger clubbing were alive while less than 40% of patients with
finger clubbing were alive 12 years after diagnosis of asbestosis. However, these
patients were younger, about 55 years, compared to our cohort (68 years) at the
time of diagnosis (Coutts et al., 1987). We observed similarly long survival, about
ten years (125 months), after diagnosis. In addition, the patients with less than five
years survival time were older and had worse PFTs; thus it could be deduced that
the asbestosis diagnoses were made on average at a more advanced stage of disease.
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Cookson et al. (1985) reported median survival time after claiming compensation
for asbestosis in different ILO categories where ILO category II patients had nearly
similar survival time (12 years). In a previous Finnish study, mean survival after
diagnosis was 7.3 years in smokers and more than 14 years in non-smokers and ex-
smokers in patients who were at least 50 years old at the time of diagnosis of
asbestosis (Huuskonen, 1978).

In the present study, the patients were old, on average 79 years, at the time of
death. In the United States, in patients with asbestosis as an underlying cause of
death, patients were similarly on average 79 years at the time of death (Bang et al.,
2014), while three other previous studies reported average age at death between 73
and 75 years in asbestosis patients (Chen et al., 2012; Diandini et al., 2013;
Germani et al., 1999).

Based on the previous studies and our results, asbestosis patients had usually
much better prognosis compared to patients with IPF, whose median survival has
been shown to be from two to five years (Nathan et al., 2011; Raghu et al., 2011).
We observed clearly longer survival in asbestosis than in IPF compared to the
previous Finnish study in which IPF-patients survived for 42 months (Kérkkiinen
et al., 2019). The median survival time was also estimated to be shorter in RA-ILD
patients, i.e., three to seven years (England & Hershberger, 2020). In a previous
Finnish study with RA-ILD patients, median survival time (107 months) was
shorter than in our asbestosis patients (Nurmi et al., 2016). Moreover, asbestosis
patients were older at the time of death compared to IPF and RA-ILD patients
(Table 10).

6.6 Prognostic factors

There are relatively few previous studies and no research published in the 21%
century reporting factors associated with disease progression or life expectancy in
patients with asbestosis (Table 3). Huuskonen (1978) investigated Finnish
asbestosis patients more than forty years ago and observed that current smoking
associated with shorter survival in patients with asbestosis. In the present study,
however, no significant association between smoking and survival was observed.
Instead, we observed several other variables to be associated with survival.
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6.6.1 Bronchoalveolar lavage

We investigated the association of BAL cell profile and ABs with survival in
asbestosis patients. To the best of our knowledge, there have not been any previous
studies on this topic in asbestosis patients. We showed that ABs and several cell
types in BAL associated with prognosis of survival in asbestosis since high number
of ABs, high neutrophil and eosinophil, but low lymphocyte differential count
associated with shorter survival. Our results of asbestosis were consistent with
previous studies in which association of BAL cell profile with survival was
observed in other ILDs, mostly patients with IPF (Boomars et al., 1995; Kakugawa
et al., 2016; Kinder et al., 2008; Macaluso et al., 2022; Ryu et al., 2007). Some
studies, however, have observed no association or an association of discrepant
direction in the percentage of eosinophils with survival (Park et al., 2007; Tabuena
et al., 2005; Veeraraghavan et al., 2003). Thomeer et al. (2004) reported that BAL
macrophage differential count associated with survival in a cohort with different
ILDs. We did not, however, observe an association of macrophages with survival.
Two recently published studies, one of which included a few asbestosis patients,
reported similarly that high BAL neutrophil but low BAL lymphocyte differential
count during AE of ILD related to shorter survival (Kono et al., 2021; Salonen et
al., 2020a). Both studies observed that neutrophil percentage was increased during
AE compared to stable phase of the disease (Kono et al., 2021; Salonen et al.,
2020a).

6.6.2 Pulmonary function tests

It was not previously known whether baseline PFTs are related to prognosis of
survival in patients with asbestosis. Baseline DLCO was a significant prognostic
factor in our asbestosis cohort; a similar result has also been observed in other ILDs
including IPF, RA-ILD and CHP patients (Jacob et al., 2017a; Kérkkiinen et al.,
2019; Nurmi et al., 2017). On the other hand, previous studies have observed an
association between decreased DLCO and severity of fibrosis based on ILO
category in chest x-ray; furthermore, Cookson et al. (1985) reported baseline ILO
category to be related to survival in asbestosis patients (Lee et al., 2003; Miller et
al., 2013). Previous studies have also reported that spirometry FVC and FEV1
associated with mortality in other ILDs (Jacob et al., 2017a, 2017b; Kéirkkéinen et
al., 2019; King et al., 2001; Solomon et al., 2016). In our study on asbestosis,
however, FVC or FEV1 were not related to survival.
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6.6.3 Gender, age and physiologic variables and composite
physiologic index

Our study was the first one to investigate the suitability of GAP and CPI in
asbestosis. Both GAP model and CPI were associated with survival in our study.
Asbestosis patients had, however, a more favourable prognosis than the predicted
mortality suggested by GAP stage since three-year mortality was 4% in GAP I, 33%
in GAPII, and 60% in GAP III in patients with asbestosis, while predicted mortality
was 16%, 42% and 77% in IPF, respectively (Ley et al., 2012). Nurmi et al. (2017)
reported one-, two- and three-year mortalities in different GAP stages in Finnish
patients with RA-ILD, revealing that RA-ILD patients had worse prognosis in GAP
stage I (three-year mortality 18%), but better prognosis in GAP stage II (three-year
mortality 27%) compared to our asbestosis patients. None of the RA-ILD patients
were in GAP stage III at the time of diagnosis (Nurmi et al., 2017). In our study,
GAP stage III was also infrequent at the time of diagnosis of asbestosis since only
five patients were in GAP stage I11.

CPI has been observed to be a significant prognostic factor in many ILDs
including IPF, RA-ILD, CHP and unclassifiable ILD (Jacob et al., 2017a, 2017b;
Kérkkainen et al., 2019; Nurmi et al., 2017). In our study, mean CPI score was 32
at the time of diagnosis of asbestosis, which is higher than in the previous study
with RA-ILD patients (27), but lower compared to IPF (40), CHP (48) and
unclassifiable ILD (52) (Jacob et al., 2017a, 2017b; Kéarkkainen et al., 2019; Nurmi
et al., 2017). Mura et al. (2012) discovered that a CPI limit value more than 41 was
significantly associated with increased three-year mortality. A CPI higher than 41
was a significant prognostic factor in our asbestosis cohort as well. Similarly, Ueno
et al. (2017) found that preoperative CPI over 41 was also useful in predicting
mortality in patients who had undergone lung cancer surgery with all three of the
following: lung cancer, pulmonary fibrosis and emphysema (Ueno et al., 2017).

6.6.4 Comorbidities

To the best of our knowledge, the association of comorbidities of asbestosis patients
in relation to survival has not been previously studied. We observed that coronary
artery disease was both a common comorbidity and cause of death in patients with
asbestosis and moreover, associated with shortened survival. Cardiovascular
diseases, most importantly coronary artery disease, have associated with shortened
survival in patients with IPF (Hyldgaard et al., 2014; Kérkkdinen et al., 2017,
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Nathan et al., 2010). Hypertension was related to better survival in our asbestosis
cohort whereas hypertension was not associated with prognosis in the previous
studies with IPF or RA-ILD patients (Kérkkiinen et al., 2017; Kreuter et al., 2016;
Ng et al., 2022).

We noticed that lung cancer was related to shortened survival, similarly as has
been observed previously in patients with IPF (Kreuter et al., 2016; Song et al.,
2021). To our knowledge, no previous studies have investigated the association of
lung cancer with prognosis of survival in asbestosis patients. However, a previous
Finnish study observed that development of malignant disease or lung cancer was
associated with the progression of fibrosis in chest radiograph in patients with
asbestosis (Partanen et al., 1995a).

In addition, previous studies have reported associations of gastroesophageal
reflux disease with better survival and of diabetes with worse survival in IPF
(Hyldgaard et al., 2014; Kreuter et al., 2016), while COPD has been associated with
worse prognosis in RA-ILD (Ng et al., 2022). Nonetheless, we did not observe an
association between gastroesophageal reflux disease, diabetes or COPD with the
survival of asbestosis patients.

6.7 Causes of death

Previous studies investigating causes of death in patients with asbestosis have
discovered asbestosis and lung cancer to be the most common causes of death
(Table 5). In addition to these, cardiovascular diseases were also relatively common
causes of death in patients with asbestosis (Table 5). Our results are consistent with
the previous studies, since the most common underlying causes of death in order
of frequency were asbestosis, coronary artery disease, and lung cancer.

Furthermore, previous studies on other ILDs such as IPF, RA-ILD and
systemic sclerosis-associated ILD have similarly discovered lung fibrosis to be the
most common cause of death (de Oliveira Martins et al., 2022; Kérkk&inen et al.,
2018; Marcon et al., 2021; Nurmi et al., 2016). The difference in the number of
lung fibrosis deaths was, however, considerably lower in asbestosis than in IPF,
since lung fibrosis was the cause of death in about two thirds of the IPF patients
and in only one third of the patients with asbestosis, while two thirds of the deaths
in asbestosis patients were due to other reasons than lung fibrosis. Furthermore,
malignant diseases were more common causes of death in patients with asbestosis
compared to the previous studies on other ILDs (de Oliveira Martins et al., 2022;
Kérkkiinen et al., 2018; Marcon et al., 2021; Nurmi et al., 2016).
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To our knowledge, no previous studies have investigated both underlying and
immediate causes of death in asbestosis patients. We revealed that the most
commonly recorded immediate cause of death was pneumonia. The high
pneumonia mortality was not surprising, since previously, Vehmas et al. (2012)
reported increased risk of pneumonia death in asbestosis patients. Pneumonia was
also a common immediate cause of death in previous Finnish studies with IPF and
RA-ILD patients (Kérkkdinen et al., 2018; Nurmi et al., 2016).

6.8 Strengths and limitations

The retrospective study design caused limitations, including some missing
information, since BAL and PFT results were not available in all the patients.
Furthermore, we were not able to collect detailed information of exposure history
in fibre years because exposure history was reported differently in different patients.
However, the retrospective study design enabled us to collect quite a large cohort
of asbestosis patients even though the disease is nowadays relatively rare in Finland.
The BAL procedure has been performed as part of systematic practice for several
decades in Oulu University Hospital and to our knowledge, our study is the largest
published study on BAL in patients with asbestosis so far. The retrospective study
design enabled a long follow-up time, more than ten years in most of the patients.
A long follow-up time is necessary in studies of prognosis of asbestosis patients
because the disease is typically slowly progressive.

Another study limitation was that the HRCT images were not re-evaluated by
a radiologist for our study. However, the radiological reports were looked over and
patients with uncertain diagnoses were excluded. In addition, ILD patients are
discussed in multidisciplinary meetings as a routine practice in Oulu University
Hospital and are also discussed in occupational multidisciplinary meetings if there
is suspicion of occupational exposure such as asbestos. In the multidisciplinary
meetings, radiological images are re-evaluated by an experienced thoracic
radiologist.

The collection of comorbid diseases turned out to be challenging since the
patients had suffered from multiple diseases. Furthermore, not all of the patients’
illnesses were mentioned in all follow-up records of various medical specialties.
However, we collected information of comorbid diseases by reviewing extensively
the medical records of different medical specialties, also using text search as an aid.
In addition, information of comorbid diseases was collected from death certificates.
By these methods, quite comprehensive data on common comorbid diseases of
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asbestosis patients were obtained, which is so far the largest one on comorbidities
in patients with asbestosis.

Determination of causes of death always involves a certain amount of
uncertainty, which is diminished if an autopsy is performed. Most of the causes of
death in our study were determined with medicolegal autopsy, which strengthened
the reliability of the data.

6.9 Future perspectives

Most of the previous studies on asbestosis were published before the year 2000,
when the diagnosis of pulmonary fibrosis was based on findings in chest radiograph,
which has been found to cause both false negative and false positive diagnoses
(Paris et al., 2004; Staples et al., 1989; Terra-Filho et al., 2015). There have been
rather few recent publications on asbestosis in the era of modern diagnostics. Even
though the use of asbestos has been banned in several countries, asbestos is still
used in some countries, and the number of asbestosis cases has been increasing
globally (Virta, 2006; Yang et al., 2020). Moreover, asbestosis is still a common
differential diagnostic dilemma in the diagnosis of other ILDs, especially IPF.
Detailed knowledge of clinical features, HRCT and BAL findings in asbestosis are
beneficial in the differential diagnostics of ILDs. Thus, it can be estimated that the
studies on asbestosis are still useful in many aspects.

Previously, little was known about the factors associated with the prognosis of
survival in patients with asbestosis. In present study, we observed several factors
to associate with survival. It would be useful to find out whether these prognostic
factors could predict who will benefit from antifibrotic treatment, pulmonary
rehabilitation or prediction of right time for starting the treatment.

The reference values of Viljanen et al. (1982) for spirometry and diffusion
capacity were applied in this study. The updated Finnish reference values for
spirometry and diffusion capacity were published in 2015 and 2017 (Kainu et al.,
2017, 2016b). The new reference values for spirometry implemented into clinical
use between 2015-2017 and the new reference values for diffusion capacity are
currently being implemented into clinical use. The old reference values for
spirometry from 1982 have been shown to involve overdiagnosis of ventilatory
impairment compared to the 2015 reference values (Kainu et al., 2016a). We did
not observe any association between spirometry values and prognosis. Instead,
DLCO associated with prognosis. It would be interesting to study whether the
results would be similar by applying these newer reference values.
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Previous studies observed that baseline ILO category and cumulative asbestos
exposure associated with radiographic disease progression (Cookson et al., 1986;
Oksa et al., 1998; Suoranta et al., 1982). It would be fascinating to investigate
whether prognostic factors such as, for example, GAP, CPI or BAL findings, predict
radiographic disease progression or phenotype of progressive fibrosis, which is
currently an indication for antifibrotic treatment in asbestosis (The Social Insurance
Institution of Finland (Kela), n.d.).

Salonen et al. (2020b) observed that AE of asbestosis had a poor prognosis.
The prognosis AE of asbestosis was as weak as the prognosis of AE of IPF (Salonen
et al., 2020b). High GAP stage and BAL basophils predicted shorter AE-free time
in a cohort with different ILD patients (Salonen et al., 2020a, 2020c). It would also
be important to investigate factors that predict AE in cohorts with asbestosis
patients only and how AE of asbestosis could be prevented. However, these studies
are hampered by the difficulty of collecting a sufficiently large number of patients
due to the rarity of asbestosis today. Furthermore, it would be useful to investigate
the most effective treatments during AE of asbestosis.

The asbestosis patients in our study were mostly men, similarly as in most of
the previous studies (Chen et al., 2012; Huuskonen, 1978; Walters et al., 2018).
There is a lack of information on the clinical, radiological and BAL features as well
as the course of the disease in female patients with asbestosis. Previously, it was
observed that female asbestosis patients had increased risk of cancer and non-
malignant respiratory disease mortality similarly to male asbestosis patients, and
also in one study, the most common causes of death in women and men with
asbestosis were similar (Chen et al.,, 2012; Germani et al., 1999; Szeszenia-
Dabrowska et al., 2002).
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7 Conclusions

It was observed that asbestosis patients exhibited both similar and distinct clinical
features compared to other ILDs. Asbestosis patients had decreased DLCO and
restrictive spirometry, similarly to other ILDs. BAL of asbestosis patients exhibited
a neutrophilic cell pattern, similarly as in patients with IPF, for example. Smoking
influenced the BAL cell profile. Non-smoking asbestosis patients had
lymphocytosis in BAL. High number of BAL ABs associated with a similar kind
of BAL cell profile as in smoking.

The most common comorbid diseases of asbestosis patients were
cardiovascular and respiratory diseases, similarly to other ILDs. The most common
underlying cause of death was lung fibrosis, as has also been the case in other ILDs.
Malignant diseases were a more common cause of death in asbestosis patients
compared to other ILDs. The most common immediate cause of death in asbestosis
patients was pneumonia, which has been a common cause of death in other ILDs
as well.

Asbestosis patients lived about ten years after diagnosis of asbestosis and were
about 79 years old when they died. Several factors which have previously been
observed to be associated with survival in other ILDs were similarly significant
prognostic factors in patients with asbestosis. These factors included BAL
lymphocyte, neutrophil and eosinophil differential counts, DLCO, GAP, CPI and
presence of coronary artery disease and lung cancer, all of which associated with
survival. In addition, the number of BAL ABs associated with prognosis.
Information of prognostic factors is topical since pharmacological treatment of
ILDs is evolving. New drugs have become available and are currently being
developed for treatment of different types of ILDs.
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