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Thesis Summary
(English)

Title:
Multidisciplinary digital tools to improve early diagnosis and treatment of respiratory

diseases - focus on pulmonary fibrosis

Introduction:

In this era of powerful cloud computing and data generation, it is important to investigate the
benefits we can achieve by leveraging these tools to improve health outcomes. In respiratory
medicine, the ability to predict and prevent certain lung diseases can be aided by digital data
science. Idiopathic pulmonary fibrosis (IPF) is a progressive and fatal diffuse interstitial lung
disease (ILD). When IPF is diagnosed in the initial stages, the prevention of inducers of fibrosis
progression (exposure to smoke, infections, etc..) and the initiation of anti-fibrotic drugs that
slow the progression of fibrosis can modify the natural history of the disease and improve life
expectancy. This research discusses a methodology, a model, and the results of a set of digital
tools harnessing an analysis of air pollution as a potential risk factor that could be applied to

improve predictions and outcomes in IPF and other ILDs.

Hypothesis:

Pollution is a factor in lung disease(1-3). Pollution data has become very detailed and specific
in the number of pollutants we can analyse, where they are generated, and density — all on an
hourly basis. Mapping this data over a 10-year period would allow the development of
predictive models and the identification of geographic areas with a higher probability of

developing lung disease, in this case IPF and other fibrosing ILDs.



Objectives:

Main objective

Analyse the prevalence of IPF in the air pollution map averaging exposure over 10 years in
Catalonia. Identify, through our digital health tool, the regions with a higher probability of
developing the disease to help in the implementation of early detection programs and

optimization of resources.

Secondary objectives

- Identify air contaminants present in greater concentration juxtaposed with those areas with a
greater prevalence of ILDs.
-Study the relationship between genetic and environmental factors (air quality and known

exposures).

Methods:

* Two specific databases were compiled for patients with IPF and other fibrosing ILDs.

* The patient's clinical history has been analysed in detail to determine which common
aspects and additional risk factors could be relevant in the diagnosed ILD.

* A tool has been built using the R program and a Google API to trace pollution data from
Catalonia for 10 years to map the average exposure to air pollutants, with a special
focus on PM2.5 given its greater impact direct on the alveoli and taking into account

the pathogenesis of fibrosing ILDs (alveolo-interstitial space).



Main Results:

In the first phase of the work, the results showed that in the analysis of other risk factors for
the development of IPF (smoking history, occupational exposure and family aggregation), the
distribution of these factors between provinces was similar, especially for smoking history.
However, in areas where there was a markedly high level of PM2.5, we found that 40.3% of
patients in these areas had no history of smoking and 69% of these patients had no occupational
exposure. Interestingly, of the 68 patients (23.5%) without any of the three targeted risk factors,
67 lived in areas with PM2.5 above WHO AQG standards, 40 of them exposed to annual
averages of 17 pg /m3 or more. Areas with a higher concentration of PM2.5 have been
associated with a higher prevalence of cases with IPF, therefore, these regions deserve special

attention to implement rapid detection programs for this disease.

The second phase of work included the analysis of telomere shortening (a risk factor in
fibrosing ILD) and the study of its potential relationship with PM2.5 concentrations. The results
did not demonstrate a direct correlation between PM2.5 exposure and telomere length.
However, this analysis found that shorter telomere length was related to worse disease

progression; FVC decreased by 7 for every 1-unit decrease in telomere Z-score over 3 years.

Conclusions:

We cannot establish a direct correlation or causality between PM2.5 and fibrous ILD. However,
the results show that there are more cases of IPF where there are high levels of PM2.5, so they
would be target regions for assistance programs for rapid detection in pulmonary fibrosis.

Furthermore, although the results did not demonstrate a direct correlation between PM2.5 and



telomere shortening in this cohort, the methodology is functional and new modelling tools can

be derived for this type of analysis.
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Thesis Summary
Catala
Titol:
Eines digitals multidisciplinaries per a millorar el diagnostic precog i el tractament de les

malalties respiratories - amb focus en la fibrosi pulmonar.

Introducci6:

En aquesta era de poderosa computacio en nuvol i generacié de dades, és important investigar
els beneficis que podem aconseguir aprofitant aquestes eines per millorar els resultats en Salut.
En medicina respiratoria, la capacitat de predir i prevenir determinades malalties pulmonars
pot ser ajudada per la ciéncia de dades digitals. La fibrosi pulmonar idiopatica (FPI) és una
malaltia pulmonar intersticial difusa (MPID) progressiva i letal. Quan la FPI es diagnostica en
fases inicials la prevencié d’inductors de progressio de fibrosi (exposicié a fums, infeccions,
etc..) 11’inici de farmacs anti-fibrotics que enlenteixen la progressio de fibrosis poden modificar
la historia natural de la malaltia i millorar I’expectativa de vida. Aquesta investigaci6 analitza
una metodologia, un model i els resultats d'un conjunt d'eines digitals que es podrien aplicar

per millorar les prediccions i els resultats en FPI i altres MPID.

Hipotesi:

La contaminacid és un factor de malaltia pulmonar (1-3). Les dades de contaminacié han
esdevingut molt detallades 1 especifiques pel que fa al nombre de contaminants, on es generen
i la densitat per hora. Mapejar aquestes dades durant un periode de 10 anys permetria
desenvolupar models predictius e identificar arees geografiques amb major probabilitat de

desenvolupar malaltia pulmonar, en aquest cas FPI i altres MPID fibrosants.
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Objectius:
Objectiu principal-
Analitzar la prevalenga de FPI en el mapa de contaminacid-qualitat d’aire durant els
darrers 10 anys a Catalunya. Identificar, a través d’eines digitals en Salud, les regions
amb major probabilitat de desenvolupar la malaltia ajudaria en la implementacié de

programes de detecci precog i optimitzacid de recursos.

Objectius secundaris-

- Identificar quins elements contaminants de 1’aire es presenten en més concentracio en
aquelles arees amb més prevalenca de FPI.

- Estudiar la relacio entre els factors genétics i ambientals (qualitat d’aire i exposicions

conegudes).

Metodes:

* Es van compilar dues bases de dades especifiques per a pacients amb FPI i altres
MPID fibrosants.

 S’ha analitzat en detall la historia clinica del pacient per a determinar quins aspectes
comuns i factors de risc addicionals podrien ser rellevants en la MPID diagnosticada.

* S’ha construit una eina utilitzant el programa R 1 una API de Google per tragar dades
de contaminaci6 de Catalunya durant 10 anys per a cartografiar I'exposicié mitjana als
contaminants aeris, realitzant un especial enfoc sobre PM2.5 donat el seu impacte més
directe sobre els alvéols i tenint en compte la patogenia de les MPID fibrosants

(alveolo-intersticial).
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+ S'han provat les capacitats ampliades de la metodologia digital afegint un parametre
addicional (longitud dels telomers) que s'ha demostrat que esta directament relacionat

amb l'exposicid a la contaminaci6 de 1'aire i amb el desenvolupament de la FPI.

Resultats principals:

En la primera fase del treball, els resultats van demostrar que en 1’analisi d'altres factors de risc
per al desenvolupament de la FPI (historial de tabaquisme, exposicid ocupacional i agregacid
familiar), la distribucié d'aquests factors entre provincies era similar, especialment per als
antecedents de tabaquisme. Tanmateix, a les zones on hi havia un nivell notablement elevat de
PM2.5, vam trobar que el 40,3% dels pacients d'aquestes zones no tenien antecedents de
tabaquisme 1 el 69% d'aquests pacients no tenien exposicid laboral. Curiosament, dels 68
pacients (23,5%) sense cap dels tres factors de risc dirigits, 67 vivien en zones amb PM2,5 per
sobre de les normes AQG de 'OMS, 40 d'ells exposats a mitjanes anuals de 17 pg/m3 o més.
Les arees amb major concentracié de PM2.5 s’han associat amb major prevalenca de casos
amb FPI, per tant, aquestes regions mereixerien especial atencio per a implantar programes de
deteccid rapida en aquesta malaltia.

La segona fase de treball va incloure 1'analisi de I'escurcament dels telomers (factor de risc en
MPID fibrosant) i I’estudi de la seva potencial relacié amb les concentracions de PM2.5. Els
resultats no van demostrar una correlacio directa entre I'exposicié a PM2.5 i la longitud dels
telomers. Tanmateix, a través d'aquesta analisi es va trobar que la longitud dels telomers més
curta estava relacionada amb una pitjor progressid de la malaltia; La FVC va disminuir en 7

per cada disminuci6 d'l unitat de la Z-score del telomer durant 3 anys.
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Conclusions:

No podem establir una correlacid directa o causalitat entre PM2,5 i MPID fibrosants.
Tanmateix, els resultats mostren que hi ha més casos de FPI on hi ha nivells elevats de PM2.5,
pel que serien regions diana per programes assistencials de detecci6 rapida en fibrosi pulmonar.
A més, tot i que els resultats no van demostrar una correlacidé directa entre PM2.5 i
l'escurgament dels telomers en aquesta cohort, la metodologia ¢és funcional i es poden derivar

noves eines de modelitzacio per aquest tipus d'analisi.
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Multidisciplinary digital tools for improving early diagnosis and treatment of

respiratory disease — focus on pulmonary fibrosis

Introduction

With the proliferation of digital technology in the 21 century we, as a society, are generating
terabytes of data on a regular basis. We generate data in our transportation patterns, our
consumer habits, and what we read online. The World Economic Forum stated that hospitals
can produce 50 petabytes of data per year (4). In the field of medicine, the image this usually
conjures is one of electronic health records (EHRs), DICOM images for radiology, or perhaps
databanks of genomic sequence information. In the last decade, with the advent of connected
devices, we can also now include oximetry and walking gait data from smartphones, on-
demand readings from continuous glucose monitors, and numerous other personal devices
which are taking increasingly more accurate readings for medical purposes. This body of work
examines the addition of another realm of data — air pollution - and undertakes to demonstrate
methodologies for utilizing this rich and relatively untapped wealth of digital information with

the aim improving outcomes in respiratory disease.

When Sir Richard Doll first utilised statistics in the 1950s to demonstrate that lung cancer was
associated with smoking, it was a brand-new idea (5). It was thought at that time that perhaps
inhaled residue from burning coal was a factor, or occupational exposures. By analysing the
additional factor of smoking habits, it was determined, indeed proven, over several years that
this greatly increased one’s chances of developing lung cancer. Therefore, it is important to
keep investigating new and perhaps not obvious data sources, as they can lead to new insights

for what may be at the root of disease development.



15

New Digital Data: PM2.5

In this work, pollution data was the source for new insights into impact on respiratory disease.
The Executive Summary of the 2021 WHO Global Air Quality Guidelines states, “The global
burden of disease associated with air pollution exposure exacts a massive toll on human health
worldwide: exposure to air pollution is estimated to cause millions of deaths and lost years of
healthy life annually. The burden of disease attributable to air pollution is now estimated to be
on a par with other major global health risks such as unhealthy diet and tobacco smoking, and
air pollution is now recognized as the single biggest environmental threat to human health.”

Perhaps most obviously, pollution and airway disease are increasingly shown to be linked(6—
9), and is a recognised factor in increased risk for asthma (10—13); however, it is also associated
with more than 500,000 lung cancer deaths, over 1 million COPD deaths, and could account
for 19% of cardiovascular mortalities (14—18). In addition, there is a growing body of evidence
that air pollution should be considered a risk factor for interstitial lung disease(19-23), much

like it is for COPD and asthma(24-26).

Given the documented impact of pollution on lung disease, it was determined to investigate
this potential risk factor, and to focus on one contaminant in particular: PM2.5. There is a body
of research already demonstrating the negative effects of PM2.5. Increased levels of PM2.5
correlates with an increase in emergency room visits for respiratory issues (27), and one recent
study showed that PM2.5 induced fibrosis in 12 weeks in mice that were exposed to PM2.5 at
levels of ~64 pg/m3(28), which is more than twice the level of exposure to PM2.5 that many

citizens experience in certain areas of Barcelona and other large cities.
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Therefore, this work cross-analysed traditional risk factors of fibrosing interstitial lung disease
with new digital data and geolocation of PM2.5. Combined, this would create a tool to
understand which parts of the patient population is most at risk. The second phase incorporated
the additional risk factor of shortened telomeres, which has been shown to correlate with

development of IPF (29,30).

Key to unravelling the relationship between lung disease, telomeres, and pollution, is the theory
described by Martens and Nawrot(31), which proposes that air pollution - specifically
particulate matter — damages DNA replication resulting in shorter telomeres, which leads to

mitochondrial dysfunction and subsequently, disease.

The logic behind this theory rests on evidence from Sahin et al.(32) wherein telomeres which
are no longer replicating properly activate the p53 gene, which represses peroxisome
proliferator-activated receptor gamma, coactivator 1 alpha and beta (PGC-1a and PGC-1p).
These two proteins are transcriptional coactivators which have been closely studied as
activators and suppressors of mitochondrial function, associated with oxidative metabolism,
the dysfunction of which is implicated in diabetes and cardiac disease(33,34). The theory
presented by Sahin et al. further proposes that an initiator of this cascade of events, PM2.5,
induces inflammation and oxidative stress on mitochondrial DNA by way of reactive oxygen
species (ROS). These highly reactive molecules are not completely understood; ROS refers to
an extensive variety of oxidant molecules including peroxides and superoxides, which are
byproducts of the metabolism of oxygen (O:), and the specific reactions need to be further
studied(35). However, it has been suggested that oxidative stress induced by PM derives from
the generation of ROS through interactions of soluble metals like iron on the PM surface, which

produces reactive hydroxyl radicals(36) and thereby mitochondrial dysfunction including
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PGC-1la and PGC-1p. The effect of ROS on the telomeres is proposed to be through this same
oxidative stress, damaging the single strand portions of telomeres, which are already vulnerable

due to the end-replication problem(37,38).

Interstitial Lung Diseases

Interstitial lung diseases (ILDs) are a group of approximately 300 diseases of known and
unknown aetiology, the most common of which is [PF(39—41). Certain ILDs present with
fibrosis at a certain stage, and a percentage of these cases will develop a debilitating progressive
fibrosis marked by loss of lung function and premature death(42—45). Increased knowledge
about the genesis of this progressive fibrosis and how to detect development before it becomes
an impediment to quality of life would benefit not only thousands of patients but also healthcare

systems, especially where recourses are limited.

Incidence of ILDs is increasing globally(46) and air-borne pollution has been found to have
adverse impact on clinical outcomes and lung function in patients with idiopathic pulmonary
fibrosis (IPF)(47). In addition, from 1990 until 2017 there is a documented increase of 86% in
years of life lost (YLL) due to ILDs(48). This can be attributable in part to better diagnosis by
multidisciplinary teams, however the upward trend is present, with a 39.8% increase in chronic

respiratory disease globally compared with two decades earlier(48).

Prevalence and pathogenesis of fibrotic ILDs
There is not yet conclusive evidence that pollution contributes to the development of IPF or
the other ILDs, and myriad factors contribute to this uncertainty. For one thing, ILDs are not

easy to diagnose, the diagnosis and classification methodologies as well as inconsistencies in



18

electronic patient records(49) vary from country to country, as do the treatment protocols, and
the expertise of multidisciplinary teams should be used(50-53). Therefore, incidence and
prevalence for ILDs vary widely according to region but fall within 1.0 to 31.5 per 100,000(54—
57). Incidence for IPF however has been estimated at 3.3 to 45.1 per 100,000 depending on

region(55,58)

The causes and sequence of events that lead to development of an ILD such as IPF are still
unclear. Detailed study over the last 20 year has generated evidence indicating that IPF is an
epithelial cell disorder resulting from an interaction of genetic, environmental, aging cells, and
epi-genetic reprogramming(59—63). The degree of contribution of each of these factors is not
completely understood, however these epithelial cells lining the alveoli seem subject to a
“perfect storm” in the combination of these factors: susceptibility caused by genetics and/or
aging, results in epithelial cell injury possibly due to foreign particles being inhaled (smoke
from tobacco, air pollution, occupational exposure, etc.), and over time this leads to an

abnormal repair mechanism which becomes subsequently becomes fibrosis.

This would be a slow process and difficult to detect. Lung epithelial cells interact with
molecules in the ambient air ceaselessly throughout life. The mucus membrane covering these
cells traps inhaled particles that could be detrimental and ferries them away with ciliary
movements and inducing cough(64). Excessive mucus as well as deficiencies in the system
lead to infections as well as build-up of unwanted material in both the upper and lower

respiratory tract(65).

The key to alterations in the way the mucus membrane operates is a nucleotide polymorphism

within the MUCS5B gene polymorphism, the presence of which has been shown to indicate a
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7-fold increase in probability for development of IPF(66). However, no clear effect on disease
progression or patient phenotype has been identified with this gene polymorphism. The
variant in the MUCS5B gene increases mucin production while simultaneously impeding the
cilia from ferrying away toxins effectively, which could be related with disease pathogenesis

(67,68).

Aging and telomeres are another two factors in the accumulative “storm.” Telomeres are
nucleotide sequences forming the rounded tip of each arm of a chromosome, serving to
maintain the integrity of the structure(69,70). Humans have relatively short telomeres
compared to other mammals such as mice, and as the cells multiply over time, the telomeres
grow yet shorter; this is part of the natural process of cellular aging. However, accelerated or
severe shortening of telomeres occurs in some people and an association has been established
between more advanced telomere shortening and patients who have developed IPF(29).
Telomere dysfunction is also associated with cell senescence and genetic instability(69),
which reaffirms the possible pathogenicity of some gene mutations. Several telomerase related
gene (TRG) mutations, such as DKC1, TERT, TERC, RTELI1, TIF1, and PARN, have been
identified to increase susceptibility and progression in IPF and other fibrotic ILDs. In fact,
TRG mutations and severe telomere shortening have been widely associated with poor
prognosis, independently of the type of fibrotic ILD (30). These gene mutations may be found
in up to 25% of familial pulmonary fibrotic (FPF) patients and in 12% of sporadic IPF (29).
The recognition of common frequent clinical features in these patients has optimized the

telomere dysfunction analyses in recent years.
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Pollution and PM2.5

Air-borne pollution is not just one substance, it is made up of a variety of residues and particles,
and the composition varies from region to region depending on traffic modalities. Automobiles
produce brake mechanism residue and rubber particle suspension from tires which contributes
to particulate matter (PM) in addition to carbon monoxide (CO) from combustion and diesel
engines. Ships and airplanes produce CO, COx> nitrogen oxides (NOx), sulphur oxides (SOx),
unburned hydrocarbons (UHC), as well as particulate matter (PM) of all sizes plus a group of
toxins called volatile organic compounds (VOCs) such as benzene and formaldehyde(71,72);
in 1993 aircraft produced approximately 159 million kg of VOCs and NOx(73). A combination
of NOX, CO, and VOCs lead to ground-layer ozone formation(72), increased level of which

have been shown to impair lung function and cause inflammation of lung tissue(74,75).

Temperatures, which cause lifting or settling of particles in addition to wind, also affect
pollution presence, as does and proximity to geographical features such as deserts and
extensive plains. In the area of north-eastern Spain where this thesis work was performed, there
are specific variations in regional pollution production where agricultural areas are dominant
as opposed to where there are shipping ports. During certain times of the year, this region of
Spain sees a great deal of airborne dust carried from the Sahara(76). Research from 2017
demonstrated that on days dust that intrusions from the Sahara were recorded in Spain there
was an association with mortality in those areas(77), noting that this dust may carry biological
materials and microorganisms.

All these contributing sources produce components of PM, measured in categories from 1-10
micrometres (um). PM is therefore not one substance, but a combination of a variety of

substances depending on region, including mineral dust, sea salt, sulphates, nitrates, black
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carbon, and organic carbon, among other elements(78,79). Due to the makeup of the
contributing factors to the pollution in this region, and given the data sets available, it was
decided to analyse PM with an aerodynamic diameter of < 2.5 um, known more succinctly as
PM2.5.

PM2.5 is smaller than PM10, and due to this miniscule size can reach the distal airways,

invading the bronchioles and the alveoli (see Fig 1).

fine sand
90um

human hair
S50um

Figure 1. Illustration of relative size of PM2.5

PM2.5 has been implicated in development of respiratory disease(80-82) and efforts by
governments and health agencies demonstrate awareness of the need to reduce PM
generation(83)

The body of evidence illustrating the relationship between PM2.5 and ILDs is growing. PM2.5
has been shown to accelerate functional decline in patients with IPF(84), and in lower FVC(85),

though correlations have not yet been established.
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Hypothesis

Adding data analytics to derive insights on prevention and prognosis can improve patient
outcomes. Recent examples of this are the use of artificial intelligence (Al) in breast cancer
detection(86), and machine learning (ML) to predict mortality for sepsis-associated

encephalopathy(87), which allows physicians to triage the most at-risk patients.

The main hypothesis for this work is that by adding pollution data analytics to the evaluation
of risk factors for developing fibrotic ILD, the prediction of those areas with a higher number
of patients could be possible, and therefore, it would be considered a screening tool for early

diagnosis and treatment.
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Objectives

Main objective:

The primary objective of this work was to build a framework of some first steps that would
illustrate for ILD teams one approach toward the early detection of IPF and predicting
progression of fibrosing ILDs utilising digital health tools.

The Bellvitge University Hospital ILD team has for more than a decade implemented an expert
and multidisciplinary approach for screening, diagnosis, and treatment of ILDs in the region of
Catalonia; this expertise can be built upon and guided toward the most effective methods for

respiratory disease management to improve equity and impact of existing health resources.

Secondary objectives:

1. To identify the real prevalence of IPF, a rare disease which is often misdiagnosed and
underreported. Depending on the system used to code for IPF, it has been seen in our
research that codes are not always accurately assigned, or that due to information
missing for the medical coder, a more general term of PF is often assigned.

2. To evaluate the relationship of incidence of ILDs, genetic factors, and potential

environmental factors.
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Materials, Methods, and Results: PDF's of Articles
Article 1

Mapping IPF helps identify geographic regions at higher risk for disease development and
potential triggers

Objective of the study:
By mapping existing cases of IPF and analysing the pollution exposure for those cases, the

objective was to establish PM2.5 as a potential risk factor for early detection of IPF.

Catalan Summary:

Antecedents 1 objectiu: la relacid entre el desenvolupament de la FPI i els factors ambientals
no s'ha dilucidat completament. L'analisi de regions geografiques de casos de FPI podria ajudar
a identificar aquelles arees amb una agregaci®6 més alta i investigar els possibles
desencadenants. Presentem la hipotesi que 1'analisi creuada de la ubicaci6 dels casos d'FPI i les
arees de concentraci6 de contaminacid atmosferica constantment elevada podria conduir al

reconeixement dels factors de risc ambiental per al desenvolupament de I'FPL.

Metodes: En aquest estudi retrospectiu s'han analitzat dades epidemiologiques i cliniques de
503 pacients registrats a 'Observatori IPF.cat des de gener de 2017 fins a juny de 2019. Es van
representar graficament els casos d'incidéncia i prevalenca de FPI de la Comunitat Valenciana
a partir de la seva adreca postal. Hem generat mapes del contaminant atmosféric PM2,5 més
rellevant dels darrers 10 anys utilitzant dades del sistema de previsié de la qualitat de 'aire

CALIOPE i dades d'observacid.

Resultats: La prevalenca de I'FPI va variar entre les provincies; de 8,1 casos per 100.000
habitants a Barcelona a 2,0 casos per 100.000 a Girona. La ratio de FPI va ser més alta en

algunes arees. La cartografia dels nivells de PM2,5 va il-lustrar que certes arees amb més
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industria, transit i transport maritim van mantenir concentracions de PM2,5 marcadament més
altes. La majoria d'aquestes ubicacions es correlacionaven amb una agregacié més alta de casos

de FPI. En comparaci6é amb altres factors de risc, I'exposicio a PM2,5 va ser la més freqiient.

Conclusio: en aquest estudi retrospectiu, la prevalenca de FPI és més alta a les zones de
concentracio6 elevada de PM2,5. S'han de fer estudis prospectius amb mapes de contaminacio
dirigits a geografies especifiques per compilar un perfil més ampli dels factors ambientals

implicats en el desenvolupament de la fibrosi pulmonar.
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ABSTRACT

Background and objective: The relationship between
IPF development and environmental factors has not
been completely elucidated. Analysing geographic
regions of idiopathic pulmonary fibrosis (IPF) cases
could help identify those areas with higher aggregation
and investigate potential triggers. We hypothesize that
cross-analysing location of IPF cases and areas of con-
sistently high air pollution concentration could lead to
recognition of environmental risk factors for IPF
development.

Methods: This retrospective study analysed epidemio-
logical and clinical data from 503 patients registered
in the Observatory IPF.cat from January 2017 to June
2019. Incident and prevalent IPF cases from the
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SUMMARY AT A GLANCE

This study identifies geographic regions of notable air
pollution, juxtaposed over locations with higher preva-
lence of idiopathic pulmonary fibrosis (IPF). Certain
areas with elevated air pollutants may be deserving
greater analysis for screening of IPF and optimizing
early identification. Prospective studies are required
for evaluating air pollution as an IPF risk factor.

Catalan region of Spain were graphed based on their
postal address. We generated maps of the most rele-
vant air pollutant PM2.5 from the last 10 years using
data from the CALIOPE air quality forecast system
and observational data.

Results: In 2018, the prevalence of IPF differed across
provinces; from 8.1 cases per 100 000 habitants in Bar-
celona to 2.0 cases per 100 000 in Girona. The ratio of
IPF was higher in some areas. Mapping PM2.5 levels
illustrated that certain areas with more industry, traffic
and shipping maintained markedly higher PM2.5 con-
centrations. Most of these locations correlated with
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higher aggregation of IPF cases. Compared with other
risk factors, PM2.5 exposure was the most frequent.
Conclusion: In this retrospective study, prevalence of
IPF is higher in areas of elevated PM2.5 concentration.
Prospective studies with targeted pollution mapping
need to be done in specific geographies to compile a
broader profile of environmental factors involved in the
development of pulmonary fibrosis.

Key words: air pollution, early diagnosis, environmental risk
factor, geographic region, idiopathic pulmonary fibrosis.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is considered a rare
disease, with an estimated prevalence of 13-20 patients in
100 000 habitants’ and an increasing incidence.” Due to
the rarity and complexity of the disease, prevalence varies
notably depending on the source of data and the confi-
dence of diagnosis. IPF patients are on average diagnosed
24 months after the presentation of symptoms due to com-
plexity in identifying the disease and a tendency for mis-
diagnosis.> The earlier IPF is identified, the better the
prognosis of the patient, so identifying potential cases of
IPF before symptoms are severe is critical.* Even though
the cause remains unknown, some IPF risk factors have
been identified.> Therefore, a better understanding of envi-
ronmental risk factors could help optimize early detection.

IPF develops after repeated injury to the lung epithe-
lium. Due to several mechanisms under study, the repair
process for injury leads to abnormal scarring of the lung
tissue which increases over time.> Experimental studies
have su§gested that air pollutants induce endothelial cell
damage® and airway inflammation.” Another study dem-
onstrated that environmental contaminants are associated
with an increase in IPF incidence by 7.9-8.4%.® Previous
studies showed a correlation between air pollution and
other respiratory diseases such as chronic obstructive
pulmonary disease”® and asthma.'' A recent study
questioned whether air pollution could be associated with
the development of pulmonary fibrosis'* and evidence
suggests that ambient pollution exposure also leads to
exacerbations of the disease'® and lower lung function.'*
Among the different air pollutants, evidence indicates that
fine particulate matter (PM) of 2.5 pm or less in diameter
(PM2.5) is particularly harmful as these particles reach
deep into the lun§ and corrode alveoli, exacerbating
respiratory disease.”” Combined, it indicates that long-
term exposure to specific pollutants such as PM2.5 may
be involved in the development of IPF.

Mapping geographic regions with IPF helps identify
specific areas where the prevalence is higher and
therefore, could contribute towards improving the effi-
ciency of the early diagnosis and the identification of
potential environmental risk factors.

METHODS

Project background
A primary source of data was the Observatory IPF.cat,
the most comprehensive registry of IPF patients in

© 2020 Asian Pacific Society of Respirology

JG Shull et al.

Catalonia (population 7.6 million), the most north-
eastern of the 17 regions in Spain, abutting the Medi-
terranean and the Pyrenees. Since 2008, the region
has collaborated through a cross-disciplinary network
(CRAMPID group) of interstitial lung disease (ILD)
practitioners, to share expertise and insight on unique
cases as part of the Catalan Society for Pulmonology
(SOCAP). Twenty-two hospitals across this network
contributed to document features of IPF patients in
the region.

Patient data

Included IPF patients were diagnosed or reviewed by
a centralized expert ILD multidisciplinary committee.
All patients provided written informed consent and
the study was approved by the Institutional Ethics
Committee (CEIC, ref. PR307/16). Data management
followed the regulatory guidelines from the EU
2016/679 statement and Declaration of Helsinki.'® A
site visit to each hospital was performed to ensure
data collected were accurate and current. Patient
postal codes were recorded, along with factors such as
age, occupational history, exposure to industrial
toxins, smoking history and familial history of lung
disease. Environmental factors were already under
consideration for investigation using the systems biol-
ogy approach to understand IPF pathology'’ and the
potential role of air pollutants on the variability of IPF
incidence and prevalence.

From the 503 patients registered in the Observatory
IPF.cat, 379 were mapped in this study. Of the
126 drop-out cases, there were 2 cases wherein the
diagnosis was not consistent and 124 contained only
partial clinical data. The project defined location of
patients by postal code, the area where it is estimated
the majority of outdoor activity occurred.'® Postal code
population density ranged from 20 000 people per km?
in cities to 1000 per km? in rural areas. Postal codes
smaller than 4 km* were grouped by Global Positioning
System (GPS) coordinates to indicate PM2.5 exposure
level for those areas.

Background on air pollution data
The World Health Organization (WHO) Air Quality
Guidelines (AQG)* provide acceptable threshold mea-
surements for concentration of air pollutants that pose
a threat to the health of populations. The WHO AQG
set maximum values for PM2.5 concentration of 10 and
25 pg/m® for the annual and 1-day means, respectively.
It is worth noting that PM is composed of different
chemical components such as mineral dust, sea salt, sul-
phates, nitrates, black carbon and organic carbon, among
other elements.”® Using the PM2.5 label refers only to
mass and size, neglecting the chemical composition.

Air pollution data

The CALIOPE modelling system®'™** is a state-of-the-
art modelling system, specially developed with spatial
(4 km x 4 km) and temporal resolution (1 h) to forecast
air quality across Spain taking into account both
anthropogenic and natural pollution. CALIOPE'’s
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forecast includes surface concentration of gaseous and
aerosol pollutants (i.e. O3, NO,, CO, SO,, PM10, PM2.5
and CgHg). The system consists of the HERMESv2.0
emission model,?® the WRF-ARWv3.6 meteorological
model,*® the CMAQ v5.0.2 chemical transport model*”
and the BSC-DREAMS8bv2 mineral dust model.?® The
CALIOPE system has been evaluated for epidemiologi-
cal research,?” and has provided operational air quality
forecasts since 2006.

To provide the most accurate estimate map of PM2.5
concentration, a combination of the CALIOPE model
results and actual observations through data assimila-
tion was used; techniques that outperform conventional
frameworks, even when demonstrating inter-urban
exposure gradients.”® In this study, we processed the
CALIOPE PM2.5 predictions following calibration fac-
tors already described,* and then applied a Barnes-type
iterative objective analyses scheme®® to assimilate
PM2.5 observations from the EIONET network across
Catalonia. This provided an estimate of exposure over
several previous years, a calculation shown to be as
accurate as data produced for current yearly exposures.
The PM2.5 concentration time series (2001-2017) plot
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indicates that PM2.5 concentrations have remained
almost constant in this region since 2009 (Fig. 1). The
data from 2015 were selected for the PM2.5 map, over
which was superimposed the Observatory IPF.cat loca-
tion data (Fig. 2).

Geographic map generation

The PM2.5 results of the CALIOPE system for 2015
were plotted using R (version 3.6.0) and the Google
Map API (Amphitheatre Pkwy, Mountain View, CA,
USA). After analysing and graphing patients by postal
code, these points could be translated into latitudinal
and longitudinal information to be plotted and juxta-
posed over the PM2.5 data.

RESULTS

Prevalence and location of IPF population

We sought to clarify that higher prevalence of the dis-
ease in certain areas was not simply due to greater
population numbers. After calculating the official
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population statistics from 2018, the province of Barce-
lona showed a higher prevalence (8.1 in 100 000) when
compared with the other three provinces (Table 1).
Figures are based on real prevalence, not estimated,
considering real data from participating ILD centres
were used.

Examining the maps (Fig. 2), the distribution of
patients varied; clear aggregation was found in Barce-
lona with a lower prevalence in postal codes near the
hills in the eastern side of the city (Tibidabo). Two
other areas with patient aggregation (Martorell and
Valles) are surrounded by industry. In the other three
provinces, patient distribution followed a pattern of

JG Shull et al.

aggregation for rural areas, with areas where no patient
was identified. In the southern province (Tarragona),
most cases were located within city limits and near a
big petrochemical zone. Statistics on population were
derived directly from the published online data of the
Catalonian Institute of Statistics: (https://www.idescat.
cat/pub/?id=aec&n=246&lang=en).

Concentration of air pollutants
The map is an illustration of PM2.5 concentrations
(Fig. 2). The white line delineates the border of

Table 1 Population of Catalonia, total and by province, and prevalence of IPF
Province Population in 2018 Number of patients Prevalence
Barcelona 5571822 452 8.1in 100 000
Tarragona 797 128 23 2.9in 100 000
Lleida 427718 1 2.6 in 100 000
Girona 747 157 15 2.0 in 100 000
Total 7 543 825 501 5.0 in 100 000

Total number of patients registered in the Observatory IPF.cat = 503, unconfirmed diagnosis = 2.

IPF, idiopathic pulmonary fibrosis.

Table 2 Areas with highest cases of IPF; colour indicates the average exposure to PM2.5 over 1 year

Postal code population

Post code City No. of patients Concentration Colour density x km?
08028 Barcelona 12 19 501 301 20 657
08820 El Prat de Llobregat 11 18 044 706 1940
08913 Barcelona 11 11 820 154 17 897
08940 Cornella de Llobregat 11 18 044 706 12 325
08016 Barcelona 10 19 501 301 20922
08830 Sant Boi De Llobregat 10 17 455 006 20 347
08902 L'Hospitalet de Llobregat 10 20 041 073 20 542
08042 Barcelona 8 19 501 301 19187
08304 Mataré 8 14 946 873 2763
08906 L'Hospitalet de Llobregat 8 20 041 073 18 892
08030 Barcelona 6 19501 301 20 347
08303 Mataré 6 14 946 873 9997
08011 Barcelona 5 19 501 301 19 255
08027 Barcelona 5 19 501 301 20 350
08029 Barcelona 5 19501 301 20 781
08031 Barcelona 5 19 501 301 19 630
08320 El Masnou 5 15010 112 4914
08340 Vilassar de Mar 5 13532 051 4485
08760 Martorell 5 14 908 229 2058
08901 L'Hospitalet de Llobregat 5 20 041 073 20 422
08905 L'Hospitalet de Llobregat 5 20 041 073 21432
08004 Barcelona 4 19 501 301 21 555
08019 Barcelona 4 19501 301 21424
08020 Barcelona 4 19 501 301 21 236
08100 Mollet de Valles 4 1908 028 6255
08302 Mataré 4 2187719 11 270
08329 Teia 4 14 102 392 942

IPF, idiopathic pulmonary fibrosis; PM2.5, particulate matter of 2.5 pm or less in diameter.

© 2020 Asian Pacific Society of Respirology
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Catalonia; to the north are the Pyrenees and to the
southeast the Mediterranean Sea.

The map makes clear where PM2.5 concentrations in
the region of Catalonia were well above the WHO AQG.
Using a roadmap, one can identify the thread of red
winding its way north is the busiest highway in the region.
The orange area furthest west is an agricultural region,
home to a booming agriculture and pork industry where
dust and chemically formed particles accumulate due to
ploughing hectares of land, wind and spraying of
chemicals. At every point coloured with yellow, orange or
red, the PM2.5 concentrations for the year 2015 were
above the annual WHO AQG of 10 pg/m®. The zones
coloured red reached more than double that

(A)
Barcelona (08000)
(B)
Barcelona
(©) Family Barcelona

10.4%

Tarragona (43000)

6%
42% 43% 43%
58%
14%

Tarragona

5

concentration. The highest PM2.5 concentrations of
20-24.6 pg/m® are located precisely over areas of traffic
congestion, industrial areas (Martorell), the airport
(El Prat de Llobregat) and the ports of Barcelona
(L'Hospitalet de Llobregat), not where population is
highest.

We ran, in addition to these average annual concen-
tration exposure maps, an analysis of the percentile
exposures for PM2.5. Using the WHO AQG value for
daily maximum of PM2.5: 25 pg/m°®, we plotted on an
hourly basis where the annual percentile of 90.4 (and
resulting concentration exceeded more than 35 days
per year) occurs. The map is nearly identical to the
annual mean (Fig. S1 in Supplementary Information).

Lleida (25000)

Lleida

14%

v

86%

Figure 3 Patient exposure by province. (A) Non-smokers (pink), smokers of <20 pack-years (purple) and smokers of >20 pack-years
(dark grey). (B) Occupational exposure: no exposure (green); inorganic dust such as iron, fibre glass and stone dust (blue); organic
dust such as from paper or sausage factories (yellow); and chemical inhalation such as paint fumes and caustic cleaning supplies
(grey). (C) Familial risk factor, which is present in the data for 10.4% of patients in the province of Barcelona. The region of Girona is
not depicted in any chart as the database contained only three patients with the data required.
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The next consideration to address was that of popula-
tion density. We graphed each of the 141 postal codes
according to the density of population, cross-referenced
with annual PM2.5 exposure (Fig. S2 in Supplementary
Information). The areas of highest population density
do not coincide precisely with the highest number of
patients. Table 2 shows the 27 postal codes with the
highest number of IPF cases, with average PM2.5 expo-
sure over 1year. All 141 postcodes can be seen in
Table S1 (Supplementary Information).

PM2.5 exposure: An additional IPF risk factor

As noted previously, other risk factors for IPF develop-
ment (smoking history, occupational exposure and fam-
ily aggregation) were analysed. Distribution for these
factors across provinces was similar, especially for
smoking history (Fig. 3A). Inorganic dust exposure was
lower in Lleida compared with Tarragona and Barce-
lona (Fig. 3B). However, high-level PM2.5 areas

Table 3 Barcelona province risk factors

All n
n=260

Smoker 260
No 92 (35.4%)
Yes 168 (64.6%)

Occupational 260
No 165 (63.5%)
Yes 95 (36.5%)

Family 260
No 233 (89.6%)
Yes 27 (10.4%)

Environmental 260
No 31(11.9%)
Yes 229 (88.1%)

Occupational

JG Shull et al.

revealed 40.3% of patients had no smoking history and
69% of patients had no occupational exposure. Family
aggregation data were present in 10.4% of cases in Bar-
celona province (Fig. 3C). Interestingly, of the
68 patients (23.5%) with none of these three risk factors,
67 were living in areas with PM2.5 above WHO AQG
norms, 40 of them exposed to annual means of 17 pg/
m? or higher (Table S1 in Supplementary Information).
From collected patient data, we tabulated exposure as
binary, using the province of Barcelona for which there
was a higher number of cases (Table 1). PM2.5 exposure
was the most prevalent risk factor in this area (Table 3).
We then modelled the risk factors of smoking, occupa-
tional exposure, familial aggregation and environmental
exposure (<12 pg/m®) in a mosaic plot (Fig. 4). These
risk factors cannot be assumed to be independent from
each other when the high environmental PM2.5 expo-
sure is present (P = 0.070246) (Fig. 4).

DISCUSSION

As a hypothesis-generating study, finding coincidences
between patient aggregation in geographic regions and
PM2.5 concentration after superposing patient location
and pollution concentration maps from the last decade
suggest environmental factors may be considered for
future research on disease aetiopathogenesis. This pre-
liminary finding may also be useful to better anticipate
resources and requirements to diagnosis and treatment
of the disease. Additional investigation could include a
control in other respiratory disease areas.

IPF incidence and prevalence are variable.* Due to
the complexity of this rare disease, most studies are
only able to estimate the numbers of patients in a
region or country”**. In our study, although there are
more cases in areas with higher density of population,
patient aggregation varied and did not depend on den-
sity. Previous work associated the incidence of IPF with
air pollution in the north of Italy.® The potential bias
for greater IPF identification in reference centres for

No Yes
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the disease is possible; however, bias should be
reduced through ILD networks that share knowledge
within the region. Naturally, ILD expert teams arise in
areas with a greater number of visited cases; therefore,
it is difficult to determine if the differences in ILD
expert resources among regions influence IPF preva-
lence or if a higher demand of ILD patients influence
the need for expert teams. Other risk factors could also
influence IPF prevalence, including different occupa-
tional inorganic exposures, family aggregation and
smoking habits.* A special pattern of clustering for IPF
cases did not emerge. Interestingly, almost one-third of
patients in our study had none of these recognized risk
factors, whereas a majority were living in areas with
high PM2.5 concentration.

Among the different air pollutants regulated by the
2008/50/EC Directive on Ambient Air Quality and Cleaner
Air for Europe,19 PM has been associated with adverse
respiratory outcomes.”®'¥'*3! PM2.5 is a mixture of fine
substances (metals, sand, exhaust, etc.), which may dam-
age the respiratory system through cell injury, oxidative
stress and inflammatory response.” Moreover, long- and
short-term exposure to PM2.5 has been correlated with
abnormal telomere length, so these particles could also
impact abnormal tissue repair.’* On the other hand, an
increase in IPF mortality risk has been reported in those
cases with long-term cumulative concentrations of PM10
and PM2.5.3 Furthermore, PM2.5 exposure has been
associated with a higher use of oxygen in the 6-min walk
test (6MWT) and lower forced vital capacity (FVC) in IPF
patients'***, A recent histological study from the Finnish
IPF Registry has found that lung samples from those
regions with higher air PM levels had significant
increased PM scores in lungs than those with less PM
exposure.® Although the study did not include a normal
control group to anticipate a potential role of these parti-
cles in disease development, the Finnish data clearly
show that the amount of the different fine particles in IPF
lungs depends on the exposure.*

One limitation of the study is that quantifying the
precise amount of exposure to air pollution prior to
diagnosis was not possible, because included patients
had to have been already diagnosed. Another potential
limitation would be that prevalence in rural areas and
small towns could be higher than documented. How-
ever, the Catalan system uses a network for ILD; it
offers knowledge, healthcare training and multi-
disciplinary ILD diagnosis across the entire region.

As this was a retrospective study and the raw pollu-
tion data were not generated with IPF epidemiology in
mind, prospective longitudinal cohort studies and
experimental studies are needed. A limitation of pollu-
tion data is its inherently non-granularity; government-
designated high-sensitivity sensor distribution is limited
(the sensors are the size of trucks) and calculated for
large areas, no more granular than 1 km. Prospective
studies would need more precise data on history of
smoking and occupational exposure, as well as residen-
tial history and mapping of any previous residences. It
would also be elucidative to compare two equally dense
metropolitan areas, one with high pollution and one
low, to equalize the population density variable. And
finally, the impact of long-term pollution exposure ver-
sus spikes in pollution exposure would have to be
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addressed, possibly by identifying cohorts in two locali-
ties where these variables are clear.

Climate change and the impact of environmental pol-
lutants on health are topics that deserve more research.
This proof of concept is intended as a starting point for
further research focused on the role of PM2.5 and other
environmental risk factors in IPF development and the
need for epidemiological databases in anticipating dis-
ease burden, early diagnosis and patient needs.
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Article 2

Harnessing PM2.5 Exposure Data to Predict Progression of Fibrotic Interstitial Lung
Diseases Based on Telomere Length

Objective of the study:
By integrating the existing framework of PM2.5 exposure and cross-referencing telomere
length data we hoped to find associations to link PM2.5 to telomere shortening to progression

of ILDs.

Catalan Summary:

L'analisi creuada de factors de predisposicid biologica (escur¢cament telomérica) i de
contaminaci6 podria ajudar a calcular el risc per la malaltia pulmonar intersticial fibrosant
(desenvolupament i/o progressio). La intencié d'aquest estudi és identificar factors predictors
per a la deteccid i el diagnostic precog de les malalties pulmonars, aprofitar nous conjunts de
dades generats per a altres finalitats. Hem fet referéncia creuada a l'exposicid nivells de
particules 2,5 (PM2,5) amb la longitud dels telomers d'una cohort de 280 pacients amb ILD
fibrotica per ponderar impacte i associacions. No hi havia cap correlacio lineal entre PM2,5 i
la longitud dels telomers als nostres conjunts de dades, com a valor de la correlacio el coeficient
era de 0,08. Aquest estudi exploratori ofereix informaci6 addicional sobre les metodologies per
investigar el desenvolupament i el pronodstic de la fibrosi pulmonar. El resultat del model
estimat de FVC després de 3 anys utilitzant PM2.5 com un predictor no era significatiu;

tanmateix, la Z-score era indicativa de progressio.
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Harnessing PM2.5 Exposure Data to
Predict Progression of Fibrotic
Interstitial Lung Diseases Based on
Telomere Length
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Rosario Perona?® and Maria Molina-Molina "*
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Cross-analysis of clinical and pollution factors could help calculate the risk of fibrotic
interstitial lung disease (ILD) development and progression. The intent of this study is
to build a body of knowledge around early detection and diagnosis of lung disease,
harnessing new data sets generated for other purposes. We cross-referenced exposure
levels to particulate matter 2.5 (PM2.5) with telomere length of a cohort of 280 patients
with fibrotic ILD to weigh impact and associations. There was no linear correlation
between PM2.5 and telomere length in our data sets, as the value of the correlation
coefficient was 0.08. This exploratory study offers additional insights into methodologies
for investigating the development and prognosis of pulmonary fibrosis.

Keywords: pulmonary fibrosis, pollution, telomeres, big data, impact PM2.5

INTRODUCTION

Several characteristics have been associated with an increased risk of fibrotic interstitial lung
disease (ILD) development, such as smoking, viral infections, existence of familial aggregation,
and telomere dysfunction (1-4). Across all fibrotic ILDs, patients with shortened telomeres have
a more accelerated disease progression. Research has also shown that air pollution has a direct
effect on lung disease (5). Particulate matter with an aerodynamic diameter of <2.5um (PM2.5)
is the smallest particulate matter for which we have long-term exposure estimates in Catalonia,
and because of its size, it is one of the pollutants that can most easily reach the deepest tissue and
alveoli of the lungs. One systematic review of more than 12,000 subjects across 25 studies found
associations between air pollution and telomere shortening (6), and PM2.5 has been suggested as a
possible cause of COPD in studies as early as 2014 (7). In addition, it has been shown that exposure
to PM2.5 resulted in shortened telomeres and altered telomerase activity in human bronchial
epithelial cells (8).

Given this background, this study cross-analyzed telomere length and exposure to PM2.5 to
determine associations between these known risk factors in our cohort of patients with fibrotic ILD.
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METHODS

In this retrospective study, we analyzed a cohort of 280 patients
with fibrotic ILD in the northeast region of Spain who were
evaluated for telomere length (TL) in our center because of
the indication of the potential risk of telomere shortening from
2014 to 2020. The Ethics Committee of Hospital Universitari de
Bellvitge (HUB) approved the study, and all the patients provided
written informed consent before inclusion. The relative telomere
length was assessed at the time of diagnosis by quantitative

Abbreviations: AQG, Air Quality Guidelines; COPD, chronic obstructive
pulmonary disease; CTD-ILD, connective tissue disease- interstitial lung disease;
FVC, forced vital capacity; HP, hypersensitivity pneumonitis; IPAE interstitial
pneumonia with autoimmune features; IPF, idiopathic pulmonary fibrosis; ILD,
interstitial lung disease; NSIP, nonspecific interstitial pneumonia; PM 2.5,
particulate matter with an aerodynamic diameter of < 2.5 um; qPCR, quantitative
polymerase chain reaction; ulLD, unclassifiable interstitial lung disease; WHO,
World Health Organization.

polymerase chain reaction (qQPCR), as previously described (9).
Since telomere length changes with age, a Z-score value was
obtained to allow for comparisons of telomere length among
individuals of different ages and among cohorts (10). The Z-
score compares the telomere shortening ratio value in each
individual with the age-matched mean and standard deviation
(SD) of the values obtained in the controls. A Z-score below
the 10th percentile of a normal distribution was considered
as severe telomere shortening. In the statistical analysis, a
description of the baseline and clinical characteristics of the
patients was made according to their distribution. A linear model
was estimated using forced vital capacity (FVC) at 3 years as
the dependent variable and using baseline forced vital capacity,
exposure to PM2.5, industrial exposure, age, and sex as variables
of interest.

Disease progression was considered when a patient presented
at least two of the following criteria in the absence of any other
explanation or cause: (a) worsening of respiratory symptoms,

Units in pg/m?3
Data: min =2.363 ; max = 17.84
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FIGURE 1 | Map of Catalonia showing average PM2.5 exposure over one year with patient location.
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(b) physiological progression [absolute decline in the FVC of
>10% or DLCO (corrected for Hb) of >15%], and (c) death. FVC
value, over time, was used to analyze potential correlations.

The population analyzed for disease progression was generally
older (average age 64.8) and of Spanish nationality. We used their
current postal code as the location variable, because the tendency
in this population to change residence is very low. Survey data
from the province of Barcelona in 2006 show that the age at
which people change residence is primarily between 25 and 40
years old; after the age of 60, the likelihood and desire to move
is 2-6% (11). According to this survey, 75% of people over 60 in
Catalonia believe that where they currently live is the best place
to live and that number increases to 81% after the age of 75. Refer
Supplementary Data 2 for further information.

PM2.5 exposure and variables were derived from data
from the CALIOPE modeling system (12-15), which has been
positively evaluated for epidemiological research (12). As noted
in our previous publication (16), the average exposure for PM2.5
for any year in any 1-km area remained consistent from 2001 to
2017. Based on this, the estimates of PM2.5 exposure for 2015
were utilized and extrapolated to serve as an estimate for long-
term exposure (2001-2017). Approximate locations for the 280

patients were based on postal code and then plotted using R
(version 3.6.0) and the Google Map API and superimposed over
the exposure map (Figure 1). From this mapping exercise, we
can assign an approximate level of long-term exposure to PM2.5
for each subject in the cohort. With the data gathered, we ran a
statistical analysis on PM2.5 exposure and Z-score for the cohort.

A complete table of the average PM2.5 exposure and Z-score
for each patient can be seen in Supplementary Data 1.

RESULTS

The diagnosis for the 280 fibrotic ILD cases was primarily
IPF, with 138 cases or 49.2% of the total participants; the next
largest number of cases was fibrotic forms of hypersensitivity
pneumonitis (HP) with 32 cases or 11.4%. Unclassifiable ILDs
(uILD) and the related interstitial pneumonia with autoimmune
features (IPAF) formed the third largest group at 26 cases or
9.2% of the participants, followed by diagnoses such as CTD-ILD
(24 or 8.5%), non-specific interstitial pneumonia (NSIP) (18 or
6.4 %), smoking-related interstitial fibrosis (SRIF) (11 or 3.9%),
fibrosis with organizing pneumonia (6 or 2.1%), and sarcoidosis
IV (4 or 1.4%). The remaining cases were other fibrotic ILDs.
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FIGURE 2 | Average exposure PM2.5 plotted against Z-score in our cohort of 280 patients.

Correlation coefficient = 0.08 [-0.03 - 0.2]
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TABLE 1 | The covariable “Z-score” is significant in the “Multivariate 1" model.

Univariate Multivariate 1
Predictors Estimates std. Error Cl P Estimates std. Error Cl P
(Intercept) 87.11 11.13 64.83-109.38 <0.001 8.09 9.26 —10.45-26.63 0.386
Z-score 2.54 5.74 —8.95-14.02 0.660 6.92 3.21 0.49-13.34 0.035
Baseline FVC 1.02 0.09 0.84-1.20 <0.001
Observations 60 60
R?/R? adjusted 0.003/—0.014 0.698/0.688
AIC 572.819 508.132

For every one unit decrease in the Z-score, the forced vital capacity at 3 years (FVC-3y) decreases by about 7 points.

Twenty-nine of the 280 referred family aggregation and 84
presented severe telomere shortening (20 of them had some
pathogenic telomere-related gene mutation in RTEL1, TERT,
TERC, or DKC1).

The expectation was to see evidence that consistent exposure
to higher levels of PM2.5 was correlated to lower Z-score.
However, rather than a steady decline in Z-score as PM2.5
increases, there is no linear correlation between them since
the value of the correlation coefficient was 0.08 [—0.03, 0.2]
(Figure 2).

There is, however, an accumulation of cases at the 12 pg/m3
line, and it should be noted that all the 280 members of the cohort
were exposed consistently to PM2.5 at levels between 5.565 and
13.631 pg/m3.

DISCUSSION

In 2021, the WHO published updated Air Quality Guidelines
(AQG) for PM2.5 as well as other hazardous airborne pollutants.
The guidelines, based on data for cause-specific mortality, lead
to a recommendation of long-term exposure to PM2.5 at levels
of no more than 5 pg/m3 (17). This update means that every
subject in the cohort was exposed to levels of PM2.5 above the
WHO recommended level.

This observational study is not intended to be conclusive,
and further research should be conducted with more specific
individual measurements of exposure to PM2.5 and other
airborne pollutants; however, we utilized the best data available.

In a more elucidative step, we then analyzed the progression of
disease in the 84 patients with severe telomere shortening. Eighty
cases had the necessary data available (4 did not complete the
2nd FVC measurement) and were documented with a Z-score in
the 10th and 1st percentiles. We then compared their forced vital
capacity (FVC) results at baseline and after 3 years. These factors
were modeled using a multivariate linear model (Table 1). The
result of the estimated model of FVC after 3 years using PM2.5 as
a predictor was non-significant; however, Z-score was indicative
of progression. For every one unit decrease in Z-score, the FVC
measure at 3 years after baseline decreased by approximately 7
points. Twenty-eight of the 80 analyzed were smokers, although
this did not correlate to telomere shortening. We also compared
the diagnosis of the 80 cases, and the numbers were similar to

the larger group: of the 80 cases, 40 (50%) were IPF. In this
retrospective study, it was not possible to determine at what point
in each subjects life environmental pollutants might have begun
to affect lung tissue.

A thorough retrospective analysis with multiple risk factors
weighted for impact could provide further insight into disease
progression in patients with fibrosing ILDs. The long-term
objective is to gain further insights into disease development and
early diagnosis of ILDs by harnessing big data and analyzing risk
factors with additional innovative methodologies.
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Discussion

Data generated by digital tools in medicine can be overwhelming. We can have digital
readouts on everything — from how many steps a patient has taken per day, to constant
blood-glucose monitoring, to levels of oxygenation for that person on an hourly basis.
However, the data must be actionable. We have found with this research a first step in
linking select key digital data which may be specifically useful for the patient and can help
optimize healthcare resources and early identifying patients at risk for respiratory diseases

such as pulmonary fibrosis.

After completing the two studies included in this body of work, we determined; a) those
regional areas with higher prevalence of IPF, with PM2.5 as identified potential
environmental risk factor for disease development among the different air pollutants, and
b) the effect of interaction between patient genetic background (telomere length and
telomere related gene mutations) and environmental exposure (air pollution and work
exposure). Although more precise data will be needed in order to be integrated into
healthcare systems, we are one step closer to a digital system for reducing risk of disease
development, detecting cases before they become severe and improving tools for early

identification of these patients is of great interest to modify the natural history.

Through the results of this work and current research in aging, telomeres, cell repair, and
fibrotic lung disease, it is likely there is an interconnected series of weighted risk factors we
could outline which could lead to predictions and preventative measures. For example, if a
patient is over 65, lives in an area with an annual exposure to PM2.5 of more than 15 pg/m3,
presents with telomere shortening, and reports shortness of breath, they would be required to

be screened immediately for ILD (see Fig 2).
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Figure 2. Example of Risk Assessment for digital tool design

The presence of PM2.5 (along with other air contaminants) will continue to be a constant in
contemporary life, and we know it is damaging. However, visualizing the consistently
unhealthy levels of exposure for communities in which patients live highlights the potential
impact of this mostly invisible contaminant. Making this information actionable for health
systems is a complex issue.

For compiling a medical history, it is possible to ask the patient and note information about
smoking history and occupational exposure with relative accuracy. Although pollution
exposure is associated with poorer health, reduced longevity, and exacerbation of lung disease,
this is not part of the medical history. Our first publication demonstrated that when no other
risk factors were present (smoking, family history, and occupational exposure), pollution was
a risk factor. In order for this to be considered for the patient’s medical history, more specific
data would likely have to be collected. This could be achieved in a variety of ways. The patient

could wear a pollution detection device for the duration of a year and have that data integrated,
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along with symptom change and FVC. In a sense this is only useful for building a case for
reduction of pollution exposure. Perhaps once a damaging level has been documented — this
would be limited to patients in areas known to be subject to high levels of PM2.5 — those
patients could be prescribed preventative measures. This could be as simple as wearing a
particle-filtering face mask, something that we are all familiar with after the COVID19
epidemic.

A recent study in the US presented the use of a digital tool for screening indicators in the
electronic health record for predictors of IPF(88), taking into account 3 years of medical history
and comorbidities. The tool was documented as being capable of identifying 52-60 out of every
100 people who were then diagnosed with IPF, which is positive and actionable insight if the
person is already a patient and has the necessary points of data. Screening for PM2.5 and other
pollutant exposures could take place at any point in the patient journey and create actionable

data as early as 10 years ahead of a potential future diagnosis.

In addition, we investigated the average exposure levels of other air pollution contaminants in
the region of Catalonia with interesting results. Using the same methodology as the mapping
of PM2.5, we were able to also map There are notable levels of PM10, NO», and O3 in the
region (see Figures 4-6), the impact of which merits further analysis. The WHO updates Air
Quality Guidelines (Table 1) show the importance that global body has placed on lowering air
pollution values. That said, these are only guidelines, and most countries in the world produce
more than the recommended amounts with 90% of the world living in areas that exceed the

recommended levels of PM2.5 (89,90).
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Recommended 2021 AQG levels compared to 2005 air quality guidelines
Pollutant Averaging Time 2005 AQGs 2021 AQGs

PMys, ug/m?3 Annual 10 5
24-hour? 25 15

PMio, pg/m? Annual 20 15
24-hour? 50 45

03, pug/m?3 Peak season® - 60
8-hour? 100 100

NO2, pug/m?3 Annual 40 10
24-hour? - 25

SO,, pug/m?3 24-hour? 20 40

CO, mg/m?3 24-hour? - 4

Table 1. The WHO Air Quality Guidelines 2021, with reference to the 2005 AQGs (91)

Figure 3 highlights Catalonia in red, the area illustrated subsequently in Figures 4-6. In Figure
4 it can be seen in the map of Catalonia in north-eastern Spain that levels of PM10 maintained
an average well above 20 pg/m? in certain areas during the month of August 2015. A portion of
these areas are population-dense and heavy traffic is present. However, as is the case with
PM2.5, airborne PM10 is also generated by ploughing of farmland, harvesting of grains with
heavy machinery, pesticide spraying, and suspended dust that can be carried to the region from
other countries and continents.

As early as 2003 studies have presented evidence that PM10 could be a cause of cellular
oxidative stress and may exacerbate lung disease(92,93) and more recently PM10 has been the
focus of analysis for its physical features and impact on bronchial epithelial cells(94). Other
studies have shown that there is correlation between increased ug/m? exposure of PM10 and

lower FVC and dyspnoea (95).



Figure 3 Map showing location of Catalonia (red), and the area depicted in Figures 4-6. Royalty free vector map.
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Figure 4. PM10 average in Catalonia August 2015. Colours represent levels of PM10 in ug/m’
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Nitrogen dioxide (NO>) is a volatile, pungent, reddish-brown, molecule formed primarily by
road traffic combustion and exists in the atmosphere in gaseous form(96,97). NO; is a corrosive
free radical, shown to deplete antioxidants in the human respiratory tract(98), and short-term
inhalation has been shown to cause inflammation and damage to lung function(99,100)

In Figure 5 the data shows that the average levels of NO2 were notably high in the area of high
traffic density around the metropolitan area of Barcelona during the month of December 2015.
We calculated average exposures for all months, and though the values vary, the contaminant

is always there, which would likely have a measurable impact on the populations most exposed.

Data min = 1.29e-01 max = 78.26
sconcno2 in pyg/m3 (universal mode)

43

42

Latitude

41

0 1 2 3
Longitude

Figure 5. NO; average exposure in Catalonia December 2015. Colours represent levels of NO; in ug/m’
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We also mapped ozone. Given the evidence of the inflammatory effects of ozone (O3) on lung
tissue(101), an additional insightful study would be to investigate the impact of this molecule
on development and exacerbation of ILDs.

Our mapping tool depicts the fluctuations of ground level O3z throughout the year, illustrating
quite vividly the exposure levels each month; Figure 6 shows the average levels of exposure in
Catalonia in November 2015. Notable here is the fact that 0; is more concentrated over the sea
and in the mountainous areas of the Pyrenees as Os is usually less concentrated in urban
areas(102,103). Therefore, if ozone is a risk factor for development of ILDs, it follows logically
that people in rural areas are also at-risk; prevalence of IPF, as shown in our first publication,

is not dependent on population density.

Data min = 2.25e+01 max = 88.67
sconco3 in pg/m3 (universal mode)

43 -

42 -

Latitude

41

T T T

0 1 2 3
Longitude

Figure 6 Average Ojs levels in Catalonia November 2015. Colours indicate values in ug/m’
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Our digital tool can map with precision any region of the world where data is available.
Valuable insight could likely be derived from cross-referencing all of these contaminants,
mapping most vulnerable locations, filtering again for age, and genetic disposition, to screen

for possible cases where respiratory disease is likely.

As highlighted in our first publication, studies are ongoing in many parts of the world to
establish correlation between PM2.5 and pulmonary fibrosis(104—106). A 2021 study from
Japan demonstrates that increased mean exposure to PM2.5 is a risk factor for acute
exacerbations of IPF (107), calculated from the PM2.5 and nitric oxide (NO) exposure
estimates based on data derived from air monitoring stations located near the hospital where
the patients were admitted for the exacerbation. Our model, though analysing a separate
potential effect of PM2.5, uses a more detailed approach for estimating both the geo-location
specific to the patient and the variability of exposure over time. One study in Spain (Madrid)
analysing effect of multiple air contaminants including PM2.5 found that exposure to CO had
the greatest impact on functional severity and mortality in IPF(108). However, in this study as
well, the data on pollution exposure was generalised as it was determined by analysing output
from one air surveillance system in the centre of Madrid and variability among exposure rates
was estimated by calculating the distance from that monitoring station to the patient’s home.
In Canada, Johannson established that exposure to high levels of air pollution is associated with
lower FVC% predicted(109), but not to changes in lung function. The study was a 40-week
prospective study, which lends weight to the argument that analysis carried out over a longer
period of time would have different results. And it has been suggested that alterations in DNA

methylation due to air pollution exposure could be associated with adverse clinical outcomes
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in patients with pulmonary fibrosis in that airborne contaminants may contribute to the cascade

process of lung remodelling and fibrogenesis(110,111).

Regarding the integration of telomeres as a variable in this work, we have only touched the tip
of the iceberg. Telomeres, genomics, and aging and how the relationship between these factors
affects disease development and progression of fibrotic ILDs is an area of study with much
scrutiny, the integration of which into standard of care is still unfolding(30,112—115)

Indeed, there is a need for insight into all types of ILD, as the genesis and aetiology of each is
distinct, as is the interaction with airborne contaminants(116—118). For instance, ILDs deriving
from connective tissue disease or interstitial pneumonia with autoimmune features (IPAF) are
genetically dissimilar to IPF(119,120), yet the resulting fibrosis can develop in the same

epithelial lung tissue and could be exacerbated in the same way.

The multiple variables and sheer complexity of the data needed to unravel each risk factor of
ILD development simply requires the power of high through-put computing. It has already
been proposed that artificial intelligence (AI) could help in assessing lung images for disease
detection(121,122). This thesis provides the first steps in computer-driven early identification

of ILDs, and perhaps even prevention.

For a next phase of study and adding to the long list of variables, due to the biomarkers of
oxidative stress, it would be highly elucidative to analyse not just the telomere length of
patients exposed to high levels of PM2.5, but also proliferation of p53 and suppression of PGC-

la and PGC-1p.



49

In summary, the study undertaken for this doctoral work brought new insights into how we
could integrate digital tools to better identify those areas with higher prevalence of fibrotic
ILDs, but this is only the beginning of the process. There are still questions as to what level of
exposure to PM2.5 would be considered high enough to take action, which biometrics should
be adopted to indicate abnormal oxidative stress and whether a Z-score measuring telomere
shortening would be accepted as an indicator of risk in clinical guidelines. However, the data
is there to be harnessed and by working in multidisciplinary teams, expertise can be cross-

pollinated to arrive at potentially lifesaving and cost-saving system(123).
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Conclusions

1. The digital health tool we developed can be used to analyse general PM2.5 exposure
for ILD patients based on their postal code or more specifically to a 1km geolocation
and could offer additional insight by inserting variables such as PM10, O3, and NO»,
into the model. This tool by itself does not determine a new triage or treatment plan but
serves as a first step in the evolution of combining big data and medicine in the
prediction of areas at higher risk for IPF development and progression.

2. The real prevalence of IPF in Catalunya was documented within the framework of the
Observatori.IPF platform. The prevalence for IPF in the province of Barcelona
was higher than other provinces in Catalonia (8.1 per 100,000), whereas Tarragona,
Lleida, and Girona resulted in statistics of 2.9, 2.6, and 2.0 per 100,000
respectively. The average for Catalonia as a whole was 5.0 per 100,000.

3. No clear correlation between the levels of PM2.5 and the telomere length has been
observed. However, one quarter of those patients that showed severe telomere
shortening were exposed to high levels of PM2.5.

4. Severe telomere shortening was associated with a poor prognosis in fibrotic ILDs.

5. As populations continue to grow and pollution has not abated, regardless of the
awareness to its deleterious effects, more study is warranted in determining the precise
relationship between ILDs, genetic factors, and specific environmental factors
including impact of constant exposure to PM2.5. As prevalence for ILDs is increasing,
and the etiopathogenesis for many ILDs including IPF is not completely understood,
some basic precautionary measures could be taken in order to protect vulnerable

individuals.



51

References

Paulin L, Hansel N. Particulate air pollution and impaired lung function. F1000Res
[Internet]. 2016 [cited 2022 Jul 15];5. Available from: /pmc/articles/PMC4765726/
Lelieveld J, Evans JS, Fnais M, Giannadaki D, Pozzer A. The contribution of outdoor
air pollution sources to premature mortality on a global scale. Nature. 2015 Sep
16;525(7569):367-71.

Silva RA, West JJ, Zhang Y, Anenberg SC, Lamarque JF, Shindell DT, et al. Global
premature mortality due to anthropogenic outdoor air pollution and the contribution of
past climate change. Environmental Research Letters. 2013;8(3).

4 ways data is improving healthcare | World Economic Forum [Internet]. [cited 2021
Aug 9]. Available from: https://www.weforum.org/agenda/2019/12/four-ways-data-is-
improving-healthcare/

Fell M. Sir Richard Doll CH OBE. 2010;83(October 1912):63—-83.

Kelly FJ, Fussell JC. Air pollution and airway disease. Clinical & Experimental
Allergy [Internet]. 2011 Aug 1 [cited 2022 Jul 11];41(8):1059—71. Available from:
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2222.2011.03776.x

Wang N, Mengersen K, Tong S, Kimlin M, Zhou M, Wang L, et al. Short-term
association between ambient air pollution and lung cancer mortality. Environ Res.
2019 Dec 1;179:108748.

Simkovich SM, Goodman D, Roa C, Crocker ME, Gianella GE, Kirenga BJ, et al. The
health and social implications of household air pollution and respiratory diseases. npj
Primary Care Respiratory Medicine 2019 29:1 [Internet]. 2019 Apr 26 [cited 2022 Sep
26];29(1):1-17. Available from: https://www.nature.com/articles/s41533-019-0126-x
Xue Y, Chu J, Li Y, Kong X. The influence of air pollution on respiratory microbiome:

A link to respiratory disease. Toxicol Lett. 2020 Nov 1;334:14-20.



10.

I1.

12.

13.

14.

15.

52

Holst GJ, Pedersen CB, Thygesen M, Brandt J, Geels C, Bonlgkke JH, et al. Air
pollution and family related determinants of asthma onset and persistent wheezing in
children: nationwide case-control study. BMJ. 2020 Aug 19;370:2791.

Tiotiu Al, Novakova P, Nedeva D, Chong-Neto HJ, Novakova S, Steiropoulos P, et al.
Impact of Air Pollution on Asthma Outcomes. International Journal of Environmental
Research and Public Health 2020, Vol 17, Page 6212 [Internet]. 2020 Aug 27 [cited
2022 Sep 26];17(17):6212. Available from: https://www.mdpi.com/1660-
4601/17/17/6212/htm

Bousquet J, Anto JM, Annesi-Maesano I, Dedeu T, Dupas E, Pépin JL, et al. POLLAR:
Impact of air POLLution on Asthma and Rhinitis; A European Institute of Innovation
and Technology Health (EIT Health) project. Clin Transl Allergy [Internet]. 2018 Sep
17 [cited 2022 Sep 26];8(1):1-13. Available from:
https://link.springer.com/articles/10.1186/s13601-018-0221-z

Pfeffer PE, Mudway IS, Grigg J. Air Pollution and Asthma: Mechanisms of Harm and
Considerations for Clinical Interventions. Chest. 2021 Apr 1;159(4):1346-55.
Schraufnagel DE, Balmes JR, Cowl CT, De Matteis S, Jung SH, Mortimer K, et al. Air
Pollution and Noncommunicable Diseases: A Review by the Forum of International
Respiratory Societies’ Environmental Committee, Part 2: Air Pollution and Organ
Systems. Chest. 2019;155(2):417-26.

Hadley MB, Vedanthan R, Fuster V. Air pollution and cardiovascular disease: a
window of opportunity. Nature Reviews Cardiology 2018 15:4 [Internet]. 2018 Jan 3
[cited 2022 Sep 26];15(4):193—4. Available from:

https://www.nature.com/articles/nrcardio.2017.207



16.

17.

18.

19.

20.

21.

53

Mannucci PM, Harari S, Franchini M. Novel evidence for a greater burden of ambient
air pollution on cardiovascular disease. Haematologica [Internet]. 2019 [cited 2022
Sep 26];104(12):2349. Available from: /pmc/articles/PMC6959193/

Rajagopalan S, Al-Kindi SG, Brook RD. Air Pollution and Cardiovascular Disease:
JACC State-of-the-Art Review. J Am Coll Cardiol [Internet]. 2018 Oct 23 [cited 2022
Sep 26];72(17):2054-70. Available from:
https://www.jacc.org/doi/10.1016/j.jacc.2018.07.099

Tibuakuu M, Michos ED, Navas-Acien A, Jones MR. Air Pollution and Cardiovascular
Disease: a Focus on Vulnerable Populations Worldwide. Current Epidemiology
Reports 2018 5:4 [Internet]. 2018 Sep 19 [cited 2022 Sep 26];5(4):370-8. Available
from: https://link.springer.com/article/10.1007/s40471-018-0166-8

Harari S, Raghu G, Caminati A, Cruciani M, Franchini M, Mannucci P. Fibrotic
interstitial lung diseases and air pollution: a systematic literature review. European
Respiratory Review [Internet]. 2020 Sep 30 [cited 2022 Sep 25];29(157):1-8.
Available from: https://err.ersjournals.com/content/29/157/200093

Ses¢ L, Jeny F, Uzunhan Y, Khamis W, Freynet O, Valeyre D, et al. The effect of air
pollution in diffuse interstitial lung disease. Rev Mal Respir [Internet]. 2020 May 1
[cited 2022 Sep 26];37(5):389-98. Available from:
https://europepmec.org/article/med/32278507

Cromar K, Ghazipura M, Mendoza DL, Pirozzi CS. Impact of Short-Term Exposure to
Air Pollution on Lung Function of Patients with Interstitial Lung Diseases. American
Thoracic Society International Conference Meetings Abstracts. 2020 May;A2892—

A2892.



22.

23.

24.

25.

26.

27.

28.

54

Casas M. Air pollution exposure and interstitial lung diseases: have we identified all
the harmful environmental exposures? Thorax [Internet]. 2019 Nov 1 [cited 2022 Sep
26];74(11):1013—-4. Available from: https://thorax.bmj.com/content/74/11/1013

Rice MB, Li W, Schwartz J, Di Q, Kloog I, Koutrakis P, et al. Ambient air pollution
exposure and risk and progression of interstitial lung abnormalities: the Framingham
Heart Study. Thorax [Internet]. 2019 Nov 1 [cited 2022 Sep 26];74(11):1063-9.
Available from: https://thorax.bmj.com/content/74/11/1063

Majewski S, Piotrowski WJ. Air Pollution—An Overlooked Risk Factor for Idiopathic
Pulmonary Fibrosis. Journal of Clinical Medicine 2021, Vol 10, Page 77 [Internet].
2020 Dec 28 [cited 2022 Sep 25];10(1):77. Available from:
https://www.mdpi.com/2077-0383/10/1/77/htm

Goobie GC, Nouraie M, Zhang Y, Kass DJ, Ryerson CJ, Carlsten C, et al. Air pollution
and interstitial lung diseases: Defining epigenomic effects. Am J Respir Crit Care Med
[Internet]. 2020 Nov 1 [cited 2022 Sep 24];202(9):1217-24. Available from:
www.atsjournals.org

Conti S, Harari S, Caminati A, Zanobetti A, Schwartz JD, Bertazzi PA, et al. The
association between air pollution and the incidence of idiopathic pulmonary fibrosis in
Northern Italy. European Respiratory Journal [Internet]. 2018 Jan 1 [cited 2022 Sep
25];51(1):1700397. Available from: https://erj.ersjournals.com/content/51/1/1700397
Chi R, Li H, Wang Q, Zhai Q, Wang D, Wu M, et al. Association of emergency room
visits for respiratory diseases with sources of ambient PM2.5. Journal of
Environmental Sciences. 2019 Dec 1;86:154-63.

Liu S, Zhang W, Zhang F, Roepstorff P, Yang F, Lu Z, et al. TMT-Based Quantitative
Proteomics Analysis Reveals Airborne PM2.5-Induced Pulmonary Fibrosis.

International Journal of Environmental Research and Public Health 2019, Vol 16, Page



29.

30.

31.

32.

33.

34.

55

98 [Internet]. 2018 Dec 31 [cited 2022 Sep 11];16(1):98. Available from:
https://www.mdpi.com/1660-4601/16/1/98/htm

Molina-Molina M, Planas-Cerezales L, Perona R. Telomere Shortening in Idiopathic
Pulmonary Fibrosis. Archivos de Bronconeumologia (English Edition). 2018 Jan
1;54(1):34.

Planas-Cerezales L, Arias-Salgado EG, Buendia-Roldan I, Montes-Worboys A, Lopez
CE, Vicens-Zygmunt V, et al. Predictive factors and prognostic effect of telomere
shortening in pulmonary fibrosis. Respirology [Internet]. 2019 Feb 1 [cited 2022 Sep
25];24(2):146-53. Available from:
https://onlinelibrary.wiley.com/doi/full/10.1111/resp.13423

Martens DS, Nawrot TS. Air Pollution Stress and the Aging Phenotype: The Telomere
Connection. Current Environmental Health Reports 2016 3:3 [Internet]. 2016 Jun 29
[cited 2022 Aug 7];3(3):258—69. Available from:
https://link.springer.com/article/10.1007/s40572-016-0098-8

Sahin E, Colla S, Liesa M, Moslehi J, Miiller FL, Guo M, et al. Telomere dysfunction
induces metabolic and mitochondrial compromise. Nature [Internet]. 2011 Feb 17
[cited 2022 Aug 8];470(7334):359—65. Available from:
https://pubmed.ncbi.nlm.nih.gov/21307849/

Handschin C, Spiegelman BM. Peroxisome Proliferator-Activated Receptor y
Coactivator 1 Coactivators, Energy Homeostasis, and Metabolism. Endocr Rev
[Internet]. 2006 Dec 1 [cited 2022 Aug 8];27(7):728-35. Available from:
https://academic.oup.com/edrv/article/27/7/728/2355219

Andrade-Navarro MA, Sanchez-Pulido L, McBride HM. Mitochondrial vesicles: an
ancient process providing new links to peroxisomes. Curr Opin Cell Biol. 2009

Aug;21(4):560-7.



35.

36.

37.

38.

39.

40.

41.

56

Sies H, Belousov V v., Chandel NS, Davies MJ, Jones DP, Mann GE, et al. Defining
roles of specific reactive oxygen species (ROS) in cell biology and physiology. Nature
Reviews Molecular Cell Biology 2022 23:7 [Internet]. 2022 Feb 21 [cited 2022 Aug
8];23(7):499-515. Available from: https://www.nature.com/articles/s41580-022-
00456-z

Risom L, Moller P, Loft S. Oxidative stress-induced DNA damage by particulate air
pollution. Mutat Res [Internet]. 2005 Dec 30 [cited 2022 Aug 8];592(1-2):119-37.
Available from: https://pubmed.ncbi.nlm.nih.gov/16085126/

von Zglinicki T, Pilger R, Sitte N. Accumulation of single-strand breaks is the major
cause of telomere shortening in human fibroblasts. Free Radic Biol Med [Internet].
2000 Jan [cited 2022 Aug 9];28(1):64—74. Available from:
https://pubmed.ncbi.nlm.nih.gov/10656292/

Kawanishi S, Oikawa S. Mechanism of Telomere Shortening by Oxidative Stress. Ann
N'Y Acad Sci [Internet]. 2004 Jun 1 [cited 2022 Aug 9];1019(1):278-84. Available
from: https://onlinelibrary.wiley.com/doi/full/10.1196/annals.1297.047

Interstitial lung diseases - ERS [Internet]. [cited 2022 Jul 20]. Available from:
https://www.erswhitebook.org/chapters/interstitial-lung-diseases/

Non-IPF Progressive Fibrosing Interstitial Lung Disease (PF-ILD): The Patient
Journey | A43. ILD SCIENTIFIC ABSTRACTS: GENERAL [Internet]. [cited 2022
Sep 26]. Available from: https://www.atsjournals.org/doi/abs/10.1164/ajrccm-
conference.2018.197.1 MeetingAbstracts.A1678

Maher T, Langford B, Diamantopoulos A, Rohr K, Baldwin M, Inoue Y. Estimating
long-term survival in progressive fibrosing interstitial lung disease (PF-ILD) other than

IPF using matched IPF data. European Respiratory Journal [Internet]. 2021 Sep 5



42.

43.

44,

45.

46.

57

[cited 2022 Sep 26];58(suppl 65):0A4238. Available from:
https://erj.ersjournals.com/content/58/suppl_65/0A4238

Cottin V, Wollin L, Fischer A, Quaresma M, Stowasser S, Harari S. Fibrosing
interstitial lung diseases: knowns and unknowns. European Respiratory Review
[Internet]. 2019 Mar 31 [cited 2022 Jul 31];28(151). Available from:
https://err.ersjournals.com/content/28/151/180100

de Sadeleer LJ, Goos T, Yserbyt J, Wuyts WA. Towards the Essence of
Progressiveness: Bringing Progressive Fibrosing Interstitial Lung Disease (PF-ILD) to
the Next Stage. Journal of Clinical Medicine 2020, Vol 9, Page 1722 [Internet]. 2020
Jun 3 [cited 2022 Sep 26];9(6):1722. Available from: https://www.mdpi.com/2077-
0383/9/6/1722/htm

Olson AL, Maher TM, Acciai V, Mounir B, Quaresma M, Zouad-Lejour L, et al.
Healthcare Resources Utilization and Costs of Patients with Non-IPF Progressive
Fibrosing Interstitial Lung Disease Based on Insurance Claims in the USA. Adv Ther
[Internet]. 2020 Jul 1 [cited 2022 Sep 26];37(7):3292-8. Available from:
https://link.springer.com/article/10.1007/s12325-020-01380-4

Selman M, Pardo A. When things go wrong: exploring possible mechanisms driving
the progressive fibrosis phenotype in interstitial lung diseases. European Respiratory
Journal [Internet]. 2021 Sep 1 [cited 2022 Sep 26];58(3). Available from:
https://erj.ersjournals.com/content/58/3/2004507

James SL, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global,
regional, and national incidence, prevalence, and years lived with disability for 354
Diseases and Injuries for 195 countries and territories, 1990-2017: A systematic

analysis for the Global Burden of Disease Study 2017. The Lancet [Internet]. 2018



47.

48.

49.

50.

51.

52.

58

Nov 10 [cited 2022 Jul 10];392(10159):1789—-858. Available from:
http://www.thelancet.com/article/S0140673618322797/fulltext

Goobie GC, Nouraie M, Zhang Y, Kass DJ, Ryerson CJ, Carlsten C, et al. Air pollution
and interstitial lung diseases: Defining epigenomic effects. Am J Respir Crit Care Med
[Internet]. 2020 Nov 1 [cited 2022 Jul 10];202(9):1217-24. Available from:
www.atsjournals.org

Soriano JB, Kendrick PJ, Paulson KR, Gupta V, Abrams EM, Adedoyin RA, et al.
Prevalence and attributable health burden of chronic respiratory diseases, 1990-2017:
a systematic analysis for the Global Burden of Disease Study 2017. Lancet Respir
Med. 2020 Jun 1;8(6):585-96.

Shull JG. Digital Health and the State of Interoperable Electronic Health Records.
JMIR Med Inform [Internet]. 2019 Oct 1 [cited 2022 Jul 10];7(4). Available from:
https://pubmed.ncbi.nlm.nih.gov/31682583/

Walsh SLF, Devaraj A, Enghelmayer JI, Kishi K, Silva RS, Patel N, et al. Role of
imaging in progressive-fibrosing interstitial lung diseases. European Respiratory
Review [Internet]. 2018 Dec 31 [cited 2022 Sep 26];27(150). Available from:
https://err.ersjournals.com/content/27/150/180073

Ye Y, Hubbard R, Li GHY, Ho SC, Sing CW, Cheung CL, et al. Validation of
diagnostic coding for interstitial lung diseases in an electronic health record system in
Hong Kong. Pharmacoepidemiol Drug Saf [Internet]. 2022 May 1 [cited 2022 Sep
26];31(5):519-23. Available from:
https://onlinelibrary.wiley.com/doi/full/10.1002/pds.5421

Waseem M, bin Shahid A, Pervaiz S, Waseem J. Diagnostic delay and misdiagnosis in
interstitial lung disease: Experience of a tertiary care hospital of Punjab, Pakistan.

Rawal Medical Journal. 47(3).



53.

54.

55.

56.

57.

58.

59

Cottin V, Martinez FJ, Smith V, Walsh SLF. Multidisciplinary teams in the clinical care
of fibrotic interstitial lung disease: current perspectives. European Respiratory Review
[Internet]. 2022 Sep 30 [cited 2022 Sep 26];31(165):220003. Available from:
https://err.ersjournals.com/content/31/165/220003

Kaul B, Cottin V, Collard HR, Valenzuela C. Variability in Global Prevalence of
Interstitial Lung Disease. Front Med (Lausanne). 2021 Nov 4;8:1971.

Gupta R, Koteci A, Morgan A, George P, Quint J. ILD: how big is the problem? How
can you spot it and how should you monitor it? P1 GLOBAL OVERVIEW OF
INCIDENCE AND PREVALENCE OF INTERSTITIAL LUNG DISEASE: A
SYSTEMATIC LITERATURE REVIEW.

Olson AL, Gifford AH, Inase N, Fernandez Pérez ER, Suda T. The epidemiology of
idiopathic pulmonary fibrosis and interstitial lung diseases at risk of a progressive-
fibrosing phenotype. European Respiratory Review [Internet]. 2018 Dec 31 [cited
2022 Sep 26];27(150). Available from:
https://err.ersjournals.com/content/27/150/180077

Olson AL, Patnaik P, Hartmann N, Bohn RL, Garry EM, Wallace L. Prevalence and
Incidence of Chronic Fibrosing Interstitial Lung Diseases with a Progressive
Phenotype in the United States Estimated in a Large Claims Database Analysis. Adv
Ther [Internet]. 2021 Jul 1 [cited 2022 Sep 26];38(7):4100-14. Available from:
https://link.springer.com/article/10.1007/s12325-021-01786-8

Maher TM, Bendstrup E, Dron L, Langley J, Smith G, Khalid JM, et al. Global
incidence and prevalence of idiopathic pulmonary fibrosis. Respir Res [Internet]. 2021
Dec 1 [cited 2022 Jul 10];22(1):1-10. Available from: https://respiratory-

research.biomedcentral.com/articles/10.1186/s12931-021-01791-z



59.

60.

61.

62.

63.

64.

65.

60

Pardo A, Selman M. The interplay of the genetic architecture, aging, and
environmental factors in the pathogenesis of idiopathic pulmonary fibrosis. Am J
Respir Cell Mol Biol [Internet]. 2021 Feb 1 [cited 2022 Jul 10];64(2):163-72.
Available from: www.atsjournals.org

Heukels P, Moor CC, von der Thiisen JH, Wijsenbeek MS, Kool M. Inflammation and
immunity in IPF pathogenesis and treatment. Respir Med. 2019 Feb 1;147:79-91.
Confalonieri P, Volpe MC, Jacob J, Maiocchi S, Salton F, Ruaro B, et al. Regeneration
or Repair? The Role of Alveolar Epithelial Cells in the Pathogenesis of Idiopathic
Pulmonary Fibrosis (IPF). Cells 2022, Vol 11, Page 2095 [Internet]. 2022 Jun 30 [cited
2022 Sep 26];11(13):2095. Available from: https://www.mdpi.com/2073-
4409/11/13/2095/htm

Zaman T, Lee JS. Risk Factors for the Development of Idiopathic Pulmonary Fibrosis:
a Review. Current Pulmonology Reports 2018 7:4 [Internet]. 2018 Oct 16 [cited 2022
Sep 26];7(4):118-25. Available from: https://link.springer.com/article/10.1007/s13665-
018-0210-7

Spagnolo P, Kropski JA, Jones MG, Lee JS, Rossi G, Karampitsakos T, et al.
Idiopathic pulmonary fibrosis: Disease mechanisms and drug development. Pharmacol
Ther. 2021 Jun 1;222:107798.

Fahy J v., Dickey BF. Airway mucus function and dysfunction. N Engl J Med. 2010
Dec 2;363(23):2233-47.

Roy MG, Livraghi-Butrico A, Fletcher AA, McElwee MM, Evans SE, Boerner RM, et
al. Muc5b is required for airway defence. Nature 2013 505:7483 [Internet]. 2013 Dec 8
[cited 2022 Jul 10];505(7483):412—6. Available from:

https://www.nature.com/articles/nature12807



66.

67.

68.

69.

70.

71.

72.

73.

74.

61

Michalski JE, Schwartz DA. Genetic Risk Factors for Idiopathic Pulmonary Fibrosis:
Insights into Immunopathogenesis. J Inflamm Res [Internet]. 2020 [cited 2022 Jul
10];13:1305. Available from: /pmc/articles/PMC7801923/

Yang I v., Fingerlin TE, Evans CM, Schwarz MI, Schwartz DA. MUC5B and
idiopathic pulmonary fibrosis. Ann Am Thorac Soc. 2015 Nov 1;12:S193-9.

Borie R, Crestani B, Dieude P, Nunes H, Allanore Y, Kannengiesser C, et al. The
MUCS5B Variant Is Associated with Idiopathic Pulmonary Fibrosis but Not with
Systemic Sclerosis Interstitial Lung Disease in the European Caucasian Population.
PLoS One. 2013 Aug 5;8(8).

Chakravarti D, LaBella KA, DePinho RA. Telomeres: history, health, and hallmarks of
aging. Cell. 2021 Jan 21;184(2):306-22.

Blackburn EH. Structure and function of telomeres. Nature 1991 350:6319 [Internet].
1991 [cited 2022 Jul 10];350(6319):569—73. Available from:
https://www.nature.com/articles/350569a0

Han CH. Strategies to reduce air pollution in shipping industry. Asian Journal of
Shipping and Logistics. 2010;26(1):7-29.

Endresen O, Sergard E, Sundet JK, Dalseren SB, Isaksen ISA, Berglen TF, et al.
Emission from international sea transportation and environmental impact. Journal of
Geophysical Research: Atmospheres [Internet]. 2003 Sep 16 [cited 2022 Jul
11];108(D17):4560. Available from:
https://onlinelibrary.wiley.com/doi/full/10.1029/2002JD002898

Holzman D. Plane pollution. Environ Health Perspect. 1997;105(12):1300-5.
Filippidou EC, Koukouliata A. Ozone effects on the respiratory system. Prog Health

Sci. 2011;1(2):144-55.



75.

76.

77.

78.

79.

80.

81.

82.

62

Holm SM, Balmes JR. Systematic Review of Ozone Effects on Human Lung Function,
2013 Through 2020. Chest. 2022 Jan 1;161(1):190-201.

Querol X, Pérez N, Reche C, Ealo M, Ripoll A, Tur J, et al. African dust and air quality
over Spain: Is it only dust that matters? Science of The Total Environment. 2019 Oct
10;686:737-52.

Diaz J, Linares C, Carmona R, Russo A, Ortiz C, Salvador P, et al. Saharan dust
intrusions in Spain: Health impacts and associated synoptic conditions. Environ Res.
2017 Jul 1;156:455-67.

Saraga D, Maggos T, Degrendele C, Klanova J, Horvat M, Kocman D, et al. Multi-city
comparative PM2.5 source apportionment for fifteen sites in Europe: The ICARUS
project. Science of The Total Environment. 2021 Jan 10;751:141855.

Seinfeld JH, Pandis SN. Atmospheric chemistry and physics : from air pollution to
climate change.

Wang F, Chen T, Chang Q, Kao YW, Li J, Chen M, et al. Respiratory diseases are
positively associated with PM2.5 concentrations in different areas of Taiwan. PLoS
One [Internet]. 2021 Apr 1 [cited 2022 Jul 12];16(4):¢0249694. Available from:
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0249694

XuD, ChenY, Wu L, He S, Xu P, Zhang Y, et al. Acute effects of ambient PM2.5 on
lung function among schoolchildren. Scientific Reports 2020 10:1 [Internet]. 2020 Mar
4 [cited 2022 Jul 12];10(1):1-8. Available from:
https://www.nature.com/articles/s41598-020-61003-4

Hopke PK, Croft D, Zhang W, Lin S, Masiol M, Squizzato S, et al. Changes in the
acute response of respiratory diseases to PM2.5 in New York State from 2005 to 2016.

Science of The Total Environment. 2019 Aug 10;677:328-39.



83.

&4.

85.

86.

87.

88.

63

Health Organization W, Office for Europe R. HealtH effects of particulate matter. 2013
[cited 2022 Jul 12]; Available from: http://www.euro.who.int/pubrequest
Winterbottom CJ, Shah RJ, Patterson KC, Kreider ME, Panettieri RA, Rivera-Lebron
B, et al. Exposure to Ambient Particulate Matter Is Associated With Accelerated
Functional Decline in Idiopathic Pulmonary Fibrosis. Chest [Internet]. 2018 May 1
[cited 2022 Jul 12];153(5):1221-8. Available from:
https://pubmed.ncbi.nlm.nih.gov/28802694/

Johannson KA, Vittinghoff E, Morisset J, Wolters PJ, Noth EM, Balmes JR, et al. Air
Pollution Exposure Is Associated With Lower Lung Function, but Not Changes in
Lung Function, in Patients With Idiopathic Pulmonary Fibrosis. Chest [Internet]. 2018
Jul 1 [cited 2022 Jul 12];154(1):119-25. Available from:
https://pubmed.ncbi.nlm.nih.gov/29355549/

Leibig C, Brehmer M, Bunk S, Byng D, Pinker K, Umutlu L. Combining the strengths
of radiologists and Al for breast cancer screening: a retrospective analysis. Lancet
Digit Health [Internet]. 2022 Jul 1 [cited 2022 Jul 12];4(7):e507—-19. Available from:
http://www.thelancet.com/article/S258975002200070X/fulltext

Peng L, Peng C, Yang F, Wang J, Zuo W, Cheng C, et al. Machine learning approach
for the prediction of 30-day mortality in patients with sepsis-associated
encephalopathy. BMC Medical Research Methodology 2022 22:1 [Internet]. 2022 Jul
4 [cited 2022 Jul 12];22(1):1-12. Available from:
https://bmcmedresmethodol.biomedcentral.com/articles/10.1186/s12874-022-01664-z
Onishchenko D, Marlowe RJ, Ngufor CG, Faust LJ, Limper AH, Hunninghake GM, et
al. Screening for idiopathic pulmonary fibrosis using comorbidity signatures in

electronic health records. Nature Medicine 2022 28:10 [Internet]. 2022 Sep 29 [cited



&9.

90.

91.

92.

93.

94.

64

2022 Oct 13];28(10):2107-16. Available from:
https://www.nature.com/articles/s41591-022-02010-y

Evangelopoulos D, Perez-Velasco R, Walton H, Gumy S, Williams M, Kelly FJ, et al.
The role of burden of disease assessment in tracking progress towards achieving WHO
global air quality guidelines. Int J Public Health [Internet]. 2020;65(8):1455-65.
Available from: https://doi.org/10.1007/s00038-020-01479-z

Shaddick G, Thomas ML, Mudu P, Ruggeri G, Gumy S. Half the world’s population
are exposed to increasing air pollution. npj Climate and Atmospheric Science 2020 3:1
[Internet]. 2020 Jun 17 [cited 2022 Sep 24];3(1):1-5. Available from:
https://www.nature.com/articles/s41612-020-0124-2

WHO. WHO global air quality guidelines: particulate matter (PM2.5 and PM10),
ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide. World Health
Organization. 2021;(Report No. 09/2020):1302.

Donaldson K, Stone V, Borm PJA, Jimenez LA, Gilmour PS, Schins RPF, et al.
Oxidative stress and calcium signaling in the adverse effects of environmental particles
(PM10). Free Radic Biol Med. 2003 Jun 1;34(11):1369-82.

PL,NK,UAL, CS, GB,JPB, et al. [Swiss Study on Air Pollution and Lung
Diseases in Adults (SAPALDIA)]. Schweiz Med Wochenschr [Internet]. 1998 Jan 1
[cited 2022 Sep 24];128(5):150—61. Available from:
https://europepmc.org/article/med/9522421

Misiukiewicz-Stepien P, Paplinska-Goryca M. Biological effect of PM10 on airway
epithelium-focus on obstructive lung diseases. Clinical Immunology. 2021 Jun

1;227:108754.



95.

96.

97.

98.

99.

100.

101.

65

Kwon SO, Hong SH, Han YJ, Bak SH, Kim J, Lee MK, et al. Long-term exposure to
PM10and NO2in relation to lung function and imaging phenotypes in a COPD cohort.
Respir Res. 2020 Sep 23;21(1).

Jarvis DJ, Adamkiewicz G, Heroux ME, Rapp R, Kelly FJ. Nitrogen dioxide. 2010
[cited 2022 Sep 24]; Available from:
https://www.ncbi.nlm.nih.gov/books/NBK 138707/

Nitrogen dioxide - WHO Guidelines for Indoor Air Quality: Selected Pollutants -
NCBI Bookshelf [Internet]. [cited 2022 Sep 24]. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK 138707/

Kelly FJ, Tetley TD. Nitrogen dioxide depletes uric acid and ascorbic acid but not
glutathione from lung lining fluid. Biochemical Journal [Internet]. 1997 Jul 7 [cited
2022 Sep 24];325(Pt 1):95. Available from:
/pmc/articles/PMC1218533/7report=abstract

Jiang Y, Niu Y, Xia Y, Liu C, Lin Z, Wang W, et al. Effects of personal nitrogen
dioxide exposure on airway inflammation and lung function. Environ Res. 2019 Oct
1;177:108620.

Doiron D, de Hoogh K, Probst-Hensch N, Fortier I, Cai Y, de Matteis S, et al. Air
pollution, lung function and COPD: results from the population-based UK Biobank
study. European Respiratory Journal [Internet]. 2019 Jul 1 [cited 2022 Sep 24];54(1).
Available from: https://erj.ersjournals.com/content/54/1/1802140

Wiegman CH, Li F, Ryffel B, Togbe D, Chung KF. Oxidative Stress in Ozone-Induced
Chronic Lung Inflammation and Emphysema: A Facet of Chronic Obstructive

Pulmonary Disease. Front Immunol. 2020 Sep 2;11:1957.



102.

103.

104.

105.

106.

107.

108.

66

Paoletti E, de Marco A, Beddows DCS, Harrison RM, Manning WJ. Ozone levels in
European and USA cities are increasing more than at rural sites, while peak values are
decreasing. Environmental Pollution. 2014 Sep 1;192:295-9.

Sicard P, Serra R, Rossello P. Spatiotemporal trends in ground-level ozone
concentrations and metrics in France over the time period 1999-2012. Environ Res.
2016 Aug 1;149:122-44.

Sesé L, Nunes H, Cottin V, Sanyal S, Didier M, Carton Z, et al. Role of atmospheric
pollution on the natural history of idiopathic pulmonary fibrosis. Thorax. 2018 Feb
1;73(2):145-50.

Winterbottom CJ, Shah RJ, Patterson KC, Kreider ME, Panettieri RA, Rivera-Lebron
B, et al. Exposure to Ambient Particulate Matter Is Associated With Accelerated
Functional Decline in Idiopathic Pulmonary Fibrosis. Chest [Internet]. 2018 May 1
[cited 2022 Oct 9];153(5):1221-8. Available from:
http://journal.chestnet.org/article/S0012369217313910/fulltext

Johannson KA, Vittinghoff E, Lee K, Balmes JR, Ji W, Kaplan GG, et al. Acute
exacerbation of idiopathic pulmonary fibrosis associated with air pollution exposure.
European Respiratory Journal [Internet]. 2014 Apr 1 [cited 2022 Oct 9];43(4):1124—
31. Available from: https://erj.ersjournals.com/content/43/4/1124

Tahara M, Fujino Y, Yamasaki K, Oda K, Kido T, Sakamoto N, et al. Exposure to
PM2.5 is a risk factor for acute exacerbation of surgically diagnosed idiopathic
pulmonary fibrosis: a case—control study. Respir Res [Internet]. 2021 Dec 1 [cited
2022 Oct 9];22(1):1-11. Available from: https://respiratory-
research.biomedcentral.com/articles/10.1186/s12931-021-01671-6

Mariscal Aguilar P, omez Carrera LG, Carpio Segura C, 1a Isabel Torres Sanchez M, 1a

Ferndndez-Velilla Pe M, Bonilla Hernan G, et al. Relationship between air pollution



109.

110.

I11.

112.

113.

114.

67

levels in Madrid and the natural history of idiopathic pulmonary fibrosis: severity and
mortality. Journal of International Medical Research [Internet]. [cited 2022 Oct
91;49(7):1-11. Available from: https://us.sagepub.com/en-us/nam/open-access-at-sage
Johannson KA, Vittinghoff E, Morisset J, Wolters PJ, Noth EM, Balmes JR, et al. Air
Pollution Exposure Is Associated With Lower Lung Function, but Not Changes in
Lung Function, in Patients With Idiopathic Pulmonary Fibrosis. Chest. 2018 Jul
1;154(1):119-25.

Goobie GC, Li X, Ryerson CJ, Carlsten C, Johannson KA, Fabisiak JP, et al. PM 2.5
and constituent component impacts on global DNA methylation in patients with
idiopathic 2 pulmonary fibrosis 3 4. [cited 2022 Oct 9]; Available from:
https://ssrn.com/abstract=4204633

Goobie GC, Nouraie M, Zhang Y, Kass DJ, Ryerson CJ, Carlsten C, et al. Air pollution
and interstitial lung diseases: Defining epigenomic effects. Am J Respir Crit Care Med
[Internet]. 2020 Nov 1 [cited 2022 Oct 9];202(9):1217-24. Available from:
www.atsjournals.org

Adegunsoye A, Vij R, Noth I. Integrating Genomics Into Management of Fibrotic
Interstitial Lung Disease. Chest. 2019 May 1;155(5):1026—40.

Arish N, Petukhov D, Wallach-Dayan SB. The Role of Telomerase and Telomeres in
Interstitial Lung Diseases: From Molecules to Clinical Implications. International
Journal of Molecular Sciences 2019, Vol 20, Page 2996 [Internet]. 2019 Jun 19 [cited
2022 Sep 25];20(12):2996. Available from: https://www.mdpi.com/1422-
0067/20/12/2996/htm

Alder JK, Armanios M. Telomere-mediated lung disease. Physiol Rev [Internet]. 2022
Oct 1 [cited 2022 Sep 25];102(4):1703-20. Available from:

https://journals.physiology.org/doi/10.1152/physrev.00046.2021



115.

116.

117.

118.

119.

120.

121.

68

Sastre L, Molina-Molina M, Perona R. Telomere-Related Gene Mutations and Lung
Diseases: Pulmonary Fibrosis, Emphysema and Lung Cancer. Barcelona Respiratory
Network. 2021 Oct 8;5(3).

Cecchini MJ, Tarmey T, Ferreira A, Mangaonkar AA, Ferrer A, Patnaik MM, et al.
Pathology, Radiology, and Genetics of Interstitial Lung Disease in Patients with
Shortened Telomeres. American Journal of Surgical Pathology. 2021 Jul 1;45(7):871—
84.

Spagnolo P, Distler O, Ryerson CJ, Tzouvelekis A, Lee JS, Bonella F, et al.
Mechanisms of progressive fibrosis in connective tissue disease (CTD)-associated
interstitial lung diseases (ILDs). Ann Rheum Dis [Internet]. 2021 Feb 1 [cited 2022
Sep 25];80(2):143-50. Available from: https://ard.bmj.com/content/80/2/143

Ferraro V, Morisset J. Environmental and Pollution Related Risks for Hypersensitivity
Pneumonitis. 2022 [cited 2022 Sep 25];93—123. Available from:
https://link.springer.com/chapter/10.1007/978-3-030-90185-1 5

Cottin V. Significance of connective tissue diseases features in pulmonary fibrosis.
European Respiratory Review [Internet]. 2013 Sep 1 [cited 2022 Sep 25];22(129):273—
80. Available from: https://err.ersjournals.com/content/22/129/273

Sclafani A, Worsham CM, McNeill J, Anandaiah A. Advances in interstitial lung
disease genetics. Am J Respir Crit Care Med [Internet]. 2019 Jul 15 [cited 2022 Sep
25];200(2):247-9. Available from: www.atsjournals.org

Hoang-Thi TN, Chassagnon G, Tran HD, Le-Dong NN, Dinh-Xuan AT, Revel MP.
How Artificial Intelligence in Imaging Can Better Serve Patients with Bronchial and
Parenchymal Lung Diseases? Journal of Personalized Medicine 2022, Vol 12, Page
1429 [Internet]. 2022 Aug 31 [cited 2022 Sep 25];12(9):1429. Available from:

https://www.mdpi.com/2075-4426/12/9/1429/htm



69

122. Trusculescu AA, Manolescu D, Tudorache E, Oancea C. Deep learning in interstitial

123.

lung disease—how long until daily practice. Eur Radiol [Internet]. 2020 Nov 1 [cited
2022 Sep 25];30(11):6285. Available from: /pmc/articles/PMC7554005/
Molina-Molina M, Aburto M, Acosta O, Ancochea J, Rodriguez-Portal JA, Sauleda J,
et al. Importance of early diagnosis and treatment in idiopathic pulmonary fibrosis.

Expert Rev Respir Med. 2018 Jul 3;12(7):537-9.



70



	JGS_COVER
	Shull_Biomedicina_Thesis_Jan11_2023
	Shull_Biomedicina_Thesis_Oct13
	SHULL_Respirology.cleaned.pdf
	 Mapping IPF helps identify geographic regions at higher risk for disease development and potential triggers
	INTRODUCTION
	METHODS
	Project background
	Patient data
	Background on air pollution data
	Air pollution data
	Geographic map generation

	RESULTS
	Prevalence and location of IPF population
	Concentration of air pollutants
	PM2.5 exposure: An additional IPF risk factor

	DISCUSSION
	Acknowledgements
	Disclosure statement
	Author contributions
	REFERENCES



	Shull_Biomedicina_Thesis_Oct13addedREF




