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Preface

The doctoral thesis is based on research conducted during my stay at the Department of Clinical
Biochemistry and Department of Internal Medicine at Herlev and Gentofte Hospital, Copenhagen

University Hospital, from September 2016 until December 2020.

Firstly, I have always believed that helping others is my purpose in life and have therefore chosen
this path as a medical doctor and a researcher. Thus, | am very grateful to Allah (c.c.) for been
given endless opportunities in life. All the credit is due to Him and only the mistakes have been

mine.

Secondly, I would like to express my gratitude towards all my mentors during all these years, Peter
Lange, Barge G. Nordestgaard, Shoaib Afzal, and Jargen Vestbo. Towards Peter and Jgrgen for
inspiring me to pursue the field of Respiratory Medicine for more than 10 years ago, for
encouraging me and providing endless opportunities to advance in the field of obstructive lung
diseases, and for being role models to strive for as a medical doctor and a researcher. Towards
Barge and Shoaib for teaching me the key elements of good research, including thoroughness,
extensive self-discipline, hard work, and the constant struggle for perfectionism, and for
encouraging me and providing endless opportunities to advance in the field of epidemiology. |
would also like to express my gratitude towards the steering committees of the Copenhagen General
Population Study and the Copenhagen City Heart Study for conceiving such unique studies and
allowing me to work with them, and the staff belonging to these studies for their tireless efforts in

bringing these ideas to life.

Lastly, I wish to express my gratitude towards my parents, Adnan and Navruz, for their constant

love and support and for teaching me the most important things in life. Without you, | would not be



who | am. | also wish to express my gratitude towards my little sister, Esma Nur, for her constant

love and support.

Not least, | will forever be grateful to my dear wife, Sultan, without her unyielding love and support
and her endless faith in me, this would not be possible. Thank you for being my companion and

best friend through life.

For my beloved children Salih and Sevde



Summary in English

This doctoral thesis is formed by six original articles conducted during my stay at the Department of
Clinical Biochemistry and Department of Internal Medicine at Herlev and Gentofte Hospital,

Copenhagen University Hospital. The doctoral thesis consists of three parts:

- Part 1 is areview of emerging evidence regarding origins of chronic obstructive pulmonary
disease (COPD) from early undiagnosed to clinical disease in the context of the main

findings from the six original articles.

- Part Il is a description of the applied methods in the six original articles with a critical

review.

- Part Il comprises the six original articles published in the Lancet Respiratory Medicine,
European Respiratory Journal, American Journal of Respiratory and Critical Care

Medicine, and Thorax.

COPD is associated with increased morbidity and mortality. A potential explanation for the
increased burden may be delayed diagnosis and treatment in the disease course when irreversible
lung damage has already taken place. However, COPD seems to have its origin in early life and
develops gradually over many years. Individuals that will develop COPD may be identified early
before disease onset allowing for implementation of preventive measures to halt progression.
Indeed, individuals identified with early airflow limitation or chronic respiratory symptoms display
an increased risk of hospitalisations due to obstructive lung disease and early death. Importantly, up
to one-fourth of younger individuals identified with early COPD seems to develop clinical COPD
10 years later. Although there may be potential overdiagnosis and overtreatment, this group still

displays impaired respiratory health and may benefit from preventive measures.



Summary in Danish

Denne doktorafhandling er dannet ud fra seks originale artikler gennemfgrt under mit ophold pa
Klinisk Biokemisk Afdeling og Medicinsk Afdeling pa Herlev og Gentofte Hospital.

Doktorafhandlingen bestar af tre dele:

- Del I er en gennemgang af evidensen vedrgrende oprindelsen af kronisk obstruktiv
lungesygdom (KOL) fra tidligt udiagnosticeret til klinisk sygdom set i lyset af de vigtigste

fund fra de seks originale artikler.

- Del Il er en beskrivelse af de anvendte metoder i de seks originale artikler med en kritisk

gennemgang.

- Del 111 omfatter de seks originale artikler offentliggjort i Lancet Respiratory Medicine,
European Respiratory Journal, American Journal of Respiratory and Critical Care

Medicine og Thorax.

KOL er associeret med gget sygelighed og dedelighed. En mulig forklaring pa dette kan vere
forsinket diagnose og behandling i sygdomsforlgbet, nar irreversibel lungeskade allerede har fundet
sted. KOL synes imidlertid at have sin oprindelse i det tidlige liv og udvikler sig gradvist over
mange ar. Individer, der udvikler KOL, kan muligvis identificeres tidligt inden sygdomsudbrud,
hvor relevant forebyggende tiltag kan implementeres for at bremse progression. Individer
identificeret med tidlig luftvejsobstruktion eller kroniske luftvejssymptomer har en gget risiko for
indlaeggelser pa grund af obstruktiv lungesygdom og tidlig dad. Op til en fjerdedel af yngre
personer, der er identificeret med tidlig KOL, synes at udvikle klinisk KOL 10 ar senere. Selvom
der kan veere potentiel overdiagnosticering og overbehandling, har denne gruppe pavirket

lungehelbred og kan muligvis fa gavn af forebyggende tiltag.
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Introduction

Worldwide, chronic obstructive pulmonary disease (COPD) is a prevalent disease in middle-aged
and old adults and one of the leading causes of morbidity and mortality, a scenario likely to persist
for many years.! A potential explanation for the increased burden of disease is that patients with
COPD are often diagnosed and begin treatment very late in the disease course, that is, when severe

airflow limitation has already developed.

It is now increasingly evident that COPD has its origin in early life and develops gradually over
many years.>3 Susceptible individuals that will develop COPD later in life could therefore possibly
be identified at an earlier age before disease onset allowing for implementation of preventive
measures thereby halting progression.* Such an initiative may not only lead to a lower incidence
and prevalence but also to milder forms of COPD with higher treatment potential. However, COPD
has always been considered a disease of the elderly, and its presence in younger adults has not been
investigated thoroughly. Furthermore, over the last decades, focus has mainly been on older patients
with established severe COPD, as these comprise a significant proportion of the clinical

consultations.®

Like other diseases such as diabetes, it was once believed that a prodromal phase of COPD exists,
which could be used to identify high-risk individuals mainly among smokers.® Incomplete evidence
that these high-risk individuals necessarily progress to clinical COPD, at some stage, however,
ended the idea of early prevention and intervention.”® Nonetheless, the idea was resurrected when
an international group of experts recently proposed an operational definition for early COPD by
distinguishing “early” from “mild” disease in order to facilitate more research in the field.* In this
review following such developments, I will focus on COPD from early undiagnosed to clinical

disease.



Natural history of airflow limitation and COPD

COPD is characterised by chronic airflow limitation that is believed to arise from a combination of
airway and alveolar abnormalities (often denoted as small airways disease and pulmonary
emphysema); however, the relative contribution of these two components may vary individually
from patient to patient.® Development of airflow limitation, identified as a low ratio of forced
expiratory volume in 1 second (FEV1) to forced vital capacity (FVC), is usually preceded by long-
term exposure to noxious particles or gases such as tobacco smoke, but host factors and gene-
environment interactions are now becoming increasingly recognised to have a significant influence

as well .10

Normal lung development is characterised by a rapid increase in lung function from birth during
childhood with peak in adulthood around age 20-25 years, followed by a plateau phase with
preservation of maximally attained lung function for approximately 5-10 years before a steady
normal age-related decline occurs.® Since the seminal study by Charles Fletcher and colleagues in
the 1970s, development and progression of COPD has been thought to be strongly linked to an
acceleration of the normal age-related decline of lung function often due to active smoking.1!2
Around the same time, another study by Benjamin Burrows and colleagues already suggested that

COPD may have its origin in early life,'® but this received less attention.

Over the years, the prevailing paradigm of COPD pathogenesis has been accelerated lung function
decline in susceptible individuals, mainly among smokers.** Not until 40 years later, Peter Lange
and colleagues challenged this paradigm by demonstrating that only half of patients with COPD
developed the disease due to accelerated lung function decline during adult life, whereas the other
half developed it due to low maximally attained lung function in early adulthood, suggesting that

accelerated lung function decline is not an obligate feature of COPD.® Thus, the existence of



several lung function trajectories that may lead to development of COPD is now widely accepted,
but only two have been identified so far (Figure 1).%® Exposure to risk factors during different
stages of life may affect development and preservation of normal lung function from birth until old

age, perhaps already prenatally, and increase risk of airflow limitation and COPD.*’
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Figure 1 | Potential lung function trajectories from birth to death that may lead to development of COPD.
Adapted from Agusti & Faner.®®

Current clinical practice

Most countries follow the Global Initiative for Chronic Obstructive Lung Disease (GOLD)
recommendations for the diagnosis and management of COPD in clinical practice.!® Accordingly,
COPD should be considered in all patients aged >40 years complaining of respiratory symptoms
with a history of exposure to relevant risk factors such as tobacco smoke. A spirometry confirms the
diagnosis by demonstrating presence of airflow limitation defined as a fixed ratio of post-
bronchodilator FEV1/FVC <0.70. Management recommendations are based on disease severity

defined by degree of airflow limitation, symptom burden, and history of exacerbation (an acute

10



worsening of symptoms leading to additional therapy). While degree of airflow limitation is graded
according to FEV1 as % of predicted value, symptom burden is evaluated using modified Medical
Research Council Dyspnoea Scale (mMRC) and/or COPD assessment test (CAT). A patient with
COPD is classified according to degree of airflow limitation (GOLD 1-4) and symptom burden and
exacerbation history (GOLD A-D) (Figure 2). The main treatment strategy is to reduce symptoms
and prevent frequency and severity of future exacerbations, which mostly involves different
combination therapies of long-acting beta-2-agonist (LABA), long-acting muscarinic antagonist
(LAMA), and inhaled corticosteroid (ICS). Smoking cessation or intervention against other relevant

exposures responsible for development of COPD should also be regarded as part of the treatment.
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Figure 2 | Diagnosis and management of COPD according to appropriate disease severity based on degree of
airflow limitation, symptom burden, and history of exacerbation. Adapted from Vogelmeier et al.** Reprinted with
permission of the American Thoracic Society. Copyright © 2021 American Thoracic Society. All rights reserved. The
American Journal of Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society.

GOLD has advanced understanding of COPD over the years since its very first recommendations in

2001 from a simple assessment using degree of airflow limitation only to a more complex one
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including among others exacerbation risk and symptom burden.®° The evolution of the
recommendations was a necessity as COPD with emerging evidence has proven to be a highly
complex heterogenous disease.8® While risk stratification and management of COPD has
undergone significant modifications, we have not witnessed a parallel evolution of the diagnostic
approach. Although current clinical practice has proven its applicability for many years, it still has
some shortcomings. An important one is that COPD should only be considered in a patient that
already has symptoms, thereby ignoring the possibility that mild disease may be asymptomatic.?’ A
likely consequence will be delayed diagnosis and hence a missed opportunity for early prevention
and treatment, which may lead to a more severe untreatable disease. Another one is whether airflow
limitation should be an obligate diagnostic feature, as individuals with normal spirometry have
shown evidence of airway and alveolar abnormalities usually associated with COPD.?*? Since
COPD develops gradually over many years, these individuals could be suspected to have early

disease not yet evidenced by airflow limitation.*’

Undiagnosed COPD

Despite clear recommendations for when and how COPD should be suspected and diagnosed
appropriately, it is unfortunately characterised by substantial underdiagnosis (Figure 3).%’
Individuals with undiagnosed COPD have been found to constitute a considerable burden to the
healthcare system.?-32 |n the Canadian Cohort Obstructive Lung Disease, individuals with
undiagnosed COPD still experience exacerbations despite of having fewer symptoms and less
impaired lung function than those with diagnosed COPD.* In the National Health and Nutrition
Examination Survey, although individuals with undiagnosed COPD seem healthy, they display an

increased risk of early death.®* Reported determinants of COPD underdiagnosis are younger age,
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less reporting of symptoms, and milder airflow limitation.?” Thus, individuals with undiagnosed

COPD often seem to show signs of mild or perhaps early disease.
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Figure 3 | Proportion of undiagnosed individuals with COPD in different countries. Numbers adapted from
Lamprecht et al.*” Number for Denmark adapted from Colak et al.33

The US Preventive Services Task Force (USPSTF) recommend against screening for COPD in
asymptomatic smokers, mainly because such screening did not seem to increase smoking cessation
rates, but instead encourages clinicians to pursue active case-finding strategies in symptomatic
smokers.>*3® In addition, GOLD only recommends use of spirometry for early detection in

symptomatic smokers.'® However, it is difficult not to imagine that presence of clinically significant
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disease may be asymptomatic as seen in other chronic diseases.?’ Also, the impact of symptoms on
the prognosis of individuals with undiagnosed COPD was previously unknown. We therefore
investigated the prognosis of asymptomatic and symptomatic individuals with undiagnosed COPD
in the general population, and hypothesised that individuals with undiagnosed COPD would have
poor prognosis compared to individuals without COPD, irrespective of presence of respiratory

symptoms.*

Among 32 518 high-risk smokers aged >40 years with >10 pack-years of tobacco consumption in
the Copenhagen General Population Study, 11% were identified with COPD, of whom 78% were
undiagnosed (Figure 3). Among undiagnosed individuals with COPD, 71% were symptomatic and
29% were asymptomatic. During up to 11 years of follow-up (median: 6.1 years), 800
exacerbations, 2038 pneumonias, and 2789 deaths were registered. Compared to individuals without
COPD but with similar amount of smoking exposure, individuals with undiagnosed, asymptomatic
COPD displayed an increased risk of hospitalisations due to exacerbation of COPD and pneumonia,
whereas individuals with undiagnosed, symptomatic COPD additionally displayed an increased risk
of all-cause mortality (Figures 4 and 5). Hazard ratios (HRS) in individuals with undiagnosed,
asymptomatic COPD were 4.57 (95% confidence interval [CI]: 2.59-8.06) for exacerbation, 1.64
(95% CI: 1.26-2.13) for pneumonia, and 1.20 (95% CI: 0.99-1.47) for all-cause mortality (Figure
5). Corresponding HRs in those with undiagnosed, symptomatic COPD were 12.6 (95% CI: 8.82-
17.9), 2.52 (95% CI: 2.16-2.94), and 1.75 (95% CI: 1.56-1.95), respectively. Taken together, both
symptomatic and asymptomatic individuals with undiagnosed COPD seem to have a poor

prognosis, thereby highlighting the need for better initiatives for early diagnosis and treatment.
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Figure 5| Risk of exacerbation, pneumonia, and all-cause mortality in individuals with unrecognised lung disease. HRs with 95% Cls are multivariable adjusted and for undiagnosed COPD
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Underutilization of spirometry may be one of the main reasons for underdiagnosis.?” Measurement
of lung function in primary care is not prioritised as highly as measurement of blood pressure or
blood cholesterol.**#! Number of visits to the general practitioner in the past 12 months for
individuals in the Copenhagen General Population Study did not differ substantially between those
without COPD and those with undiagnosed COPD,* suggesting that opportunities to diagnose
COPD early are being missed. However, it is also well-known that patients with COPD often
underreport the true burden of symptoms and may adapt their activity level according to some
symptoms such as dyspnoea.*? Underdiagnosis is likely reflecting a combination of underutilization
of spirometry in general practice and patients not seeking their general practitioners despite
presence of symptoms.*® Nonetheless, a large proportion of patients with COPD in general practice
do not receive treatment at first diagnosis despite having clinically significant disease,** suggesting
that other unknown factors may affect clinicians understanding of COPD and decision to begin

treatment.

A large subgroup that comprises individuals with milder airflow limitation, i.e. FEV1 >80% of
predicted, was excluded as we intended to focus on clinically significant disease in order to obtain a
high specificity for COPD and hence to identify most cases correctly. Another important subgroup
that was excluded comprises never-smokers with COPD, which may account for one-fourth of all
COPD cases in Western societies including Denmark.*>** Never-smokers with COPD report less
symptoms and have milder airflow limitation compared to smokers with COPD, but they still
display an increased risk of exacerbation and pneumonia in the Copenhagen General Population
Study.>**® Underdiagnosis may be higher in never-smokers, as COPD is not usually considered in
individuals without any smoking history. Since mild COPD and never-smokers with COPD were
not considered in our study, the total burden of undiagnosed COPD is therefore expected to be

underestimated.
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Approximately 29% of undiagnosed individuals with COPD reported to be asymptomatic and did
not fulfil the criteria for a clinical diagnosis of COPD according to GOLD or for active case-finding
as suggested by the USPSTF.1%% Individuals with undiagnosed, asymptomatic COPD despite
milder airflow limitation compared to those with undiagnosed, symptomatic COPD or diagnosed
COPD still displayed an increased risk of exacerbations and pneumonias compared to those without
COPD, suggesting that symptoms may not be an obligate feature to suspect and diagnose clinical
COPD. Without diagnosis or intervention, it is likely that mild COPD with high treatment potential
in these undiagnosed individuals will progress to a much more severe COPD with lower treatment
potential. Indeed, smoking intervention will have less effect in severe compared to in mild COPD.%®
The burden of undiagnosed COPD is substantial and likely to continue with current clinical

practice.

Early airflow limitation

Airflow limitation defined as a fixed ratio of post-bronchodilator FEV1/FVC <0.70 is recommended
in current clinical practice to confirm the diagnosis of COPD in individuals with respiratory
symptoms and relevant exposure according to GOLD.° Nonetheless, over the years, the appropriate
definition of airflow limitation has been heatedly debated. On the one hand, the use of a fixed ratio
is a simple approach to use in clinical practice, while on the other hand, it does not account for the
normal age-related decline in lung function, which leads to a lower FEV1/FVC with increasing age.
A presumed consequence has therefore been potential overdiagnosis in older and underdiagnosis in
younger individuals.®*"° The latter situation has especially been worrisome as mild or early COPD

may be overlooked, thereby delaying early prevention and treatment.
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Instead, it has been recommended to use the lower 5th percentile of the predicted value for
FEVJ/FVC, i.e. FEV1/FVC <lower limit of normal (LLN), as such an approach will not be prone to
age-related lung function decline and will also account for other biological differences (Figure 6,
left panel).®%5! However, airflow limitation as FEV1/FVC <LLN is often defined using different
lung function reference equations due to lack of standardisation. Although major efforts were made
towards standardisation with the introduction of the Global Lung Initiative (GLI) lung function
reference equations,®? which is now considered as the standard given the comprehensiveness of the
sampling and analyses underlying the derivation of the equations, no study has previously
investigated differences between various LLN criteria relative to GOLD criteria to diagnose airflow
limitation against clinical outcomes of COPD. We therefore investigated head-to-head whether
GOLD (FEV1/FVC <0.70) and four LLN criteria (FEV1/FVC <LLN) to diagnose airflow limitation
differ in identifying high-risk individuals with COPD in the general population.®® LLN criteria used
lung function reference equations from GLI, National Health and Nutrition Examination Survey
(NHANES), European Community for Steel and Coal (ECSC), and Copenhagen City Heart Study

(CCHS)/Copenhagen General Population Study (CGPS), respectively.

Among 108 246 individuals from the Copenhagen General Population Study, 18 111 (17%) had
airflow limitation according to GOLD, 9308 (9%) according to GLI, 11 221 (10%) according to
NHANES, 8855 (8%) according to ECSC, and 15 529 (14%) had airflow limitation according to
CCHS/CGPS. All four LLN criteria identified more individuals with airflow limitation at younger
age and fewer individuals at older age compared to GOLD, but substantial differences also existed
between the different LLN criteria (Figures 7, upper panel). However, individuals identified with
airflow limitation according to all five criteria reported more often chronic respiratory symptoms

and higher smoking exposure compared to those without airflow limitation.
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Figure 7 | Prevalence of airflow limitation and risk of COPD exacerbations and all-cause mortality in individuals
with versus without airflow limitation according to five different criteria. Adapted from Colak et al.®3
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During up to 14 years of follow-up (median: 8.7 years), 2745 COPD exacerbations and 10 338
deaths were registered. Individuals with airflow limitation according to GOLD or one of the four
LLN criteria had increased risk of COPD exacerbations and all-cause mortality compared to those
without airflow limitation (Figure 7, lower panel). Compared to individuals without airflow
limitation, HR for COPD exacerbations in individuals with airflow limitation was 16.9 (95% CI:
14.3-20.0) according to GOLD, 20.9 (95% CI: 18.1-24.1) according to GLI, 20.0 (95% CI: 17.3-
23.2) according to NHANES, 20.6 (95% CI: 17.8-23.8) according to ECSC, and 18.3 (95% ClI:
15.6-21.4) according to CCHS/CGPS. Corresponding HRs for all-cause mortality were 1.46 (95%
Cl: 1.40-1.52), 1.91 (95% CI: 1.81-2.02), 1.83 (95% CI: 1.74-1.93), 1.88 (95% CI: 1.78-1.98), and
1.65 (95% ClI: 1.57-1.72), respectively. Predictive capability for risk of COPD exacerbation based
on Harrell’s C statistic was slightly higher for CCHS/CGPS compared to GOLD and the other three
LLN criteria, while GOLD did not differ compared to the other three LLN criteria.®® In contrast,
predictive capability for risk of all-cause mortality was slightly lower for GOLD compared to the
four LLN criteria. However, all increments in Harrell’s C statistics were small and did not display
clinically important difference. Taken together, while the prevalence of airflow limitation ranges
from 8% to 17% using GOLD and four different LLN criteria, identified individuals with airflow
limitation according to all five criteria had similar risk of COPD exacerbation and all-cause

mortality.

There was a large overlap of individuals when GOLD was compared to each of the four LLN
criteria, but also some discordant clinical groups.®® Among individuals diagnosed with airflow
limitation according to GOLD (corresponding to N=18 111), 50% also fulfilled the diagnosis of
airflow limitation according to GLI (N=9105); however, GLI only identified an additional 1% with
airflow limitation (N=203). When GOLD was compared to the other three LLN criteria,

corresponding proportions were 56% (N=10 565) and 4% (N=656) for NHANES, 48% (N=8745)
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and 1% (N=110) for ECSC, and 74% (N=14 361) and 6% (N=1168) for CCHS/CGPS. A direct
comparison of GOLD with each of the four LLN criteria showed that individuals with airflow
limitation according to GOLD but not LLN criteria had increased risk of COPD exacerbations and
all-cause mortality. Among the four LLN criteria, only NHANES and CCHS/CGPS identified
additional individuals at risk of COPD exacerbations and all-cause mortality independent from
GOLD. Compared to individuals without airflow limitation according to GOLD or the four LLN
criteria, individuals with airflow limitation according to GOLD but not each of the four LLN
criteria seemed older and reported more often chronic respiratory symptoms and higher smoking
exposure. In contrast, individuals with airflow limitation according each of the four LLN but not
GOLD criteria seemed younger, predominantly females, and reported more often chronic
respiratory symptoms and asthma. Interestingly, while those identified with airflow limitation
according to GOLD but not each of the four LLN criteria had 600-800 mL lower FEV1, those
identified with airflow limitation according each of the four LLN but not GOLD criteria had either
20 mL higher or 60 mL lower FEV1 (lowest for those with airflow limitation according to
NHANES and CCHS/CGPS). Thus, low FEV1 may be the main driver for the increased risk of

COPD exacerbations and all-cause mortality in discordant groups.

Individuals diagnosed with airflow limitation according to fixed ratio but not LLN have signs of
clinical COPD and display an increased risk of COPD exacerbations and all-cause mortality.585%63
L Choosing LLN instead of fixed ratio for the diagnosis of airflow limitation among older
individuals may lead to potential underdiagnosis of an important clinical group that will likely
benefit from COPD treatment. In addition, most of the evidence for management of COPD
including randomised controlled trials has only been based on airflow limitation according to fixed
ratio.*® A fixed ratio therefore seems reasonable for diagnosing airflow limitation in COPD.

Nonetheless, younger individuals diagnosed with airflow limitation according to LLN but not fixed
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ratio may be another important clinical group subjected to potential underdiagnosis of early airflow
limitation.®® Thus, we investigated the prognosis of potentially underdiagnosed airflow limitation in
younger individuals from the general population, as defined by LLN but not fixed ratio, and
hypothesised that potential underdiagnosis of airflow limitation at younger age is associated with

poor prognosis.®’

Among 95 288 individuals from the Copenhagen General Population Study, 78 779 (83%)
individuals did not have airflow limitation (FEV1/FVC >0.70 and >LLN), 1056 (1%) had
potentially underdiagnosed airflow limitation (FEV1/FVC >0.70 and <LLN), 3088 (3%) had
potentially overdiagnosed airflow limitation (FEV1/FVC <0.70 and >LLN), and 12 365 (13%)
individuals had definite airflow limitation (FEV1/FVC <0.70 and <LLN) (Figure 6, left and middle
panels). In individuals with potentially underdiagnosed airflow limitation, 76% were aged 20-50
years (Figure 6, right panel). The corresponding proportion was 33% in individuals without airflow
limitation. Compared to individuals without airflow limitation, individuals with potentially
underdiagnosed airflow limitation were younger (median age 56 versus 45 years) and more often
active smokers (28% versus 15%) but difference in tobacco consumption was small (median 14
versus 16 pack-years). After taking age into account and compared to individuals without airflow
limitation, individuals with potentially underdiagnosed airflow limitation reported more often
asthma (5% versus 10%), chronic respiratory symptoms (40% versus 54%), and airway medication
use (4% versus 9%). Furthermore, 80% of individuals with potentially underdiagnosed airflow

limitation had mild airflow limitation with FEV1 >80% predicted.

During up to 11 years of follow-up (median: 6.0 years), 2073 exacerbations, 4487 pneumonias,
3859 ischaemic heart disease events, 2046 heart failures, and 5260 deaths were registered.

Individuals with potentially underdiagnosed airflow limitation had an increased risk of pneumonias
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and all-cause mortality but not of exacerbations of obstructive lung disease compared to individuals
without airflow limitation. Compared to individuals without airflow limitation, HR for individuals
with potentially underdiagnosed airflow limitation was 0.71 (95% CI: 0.23-2.22) for exacerbation,
2.44 (95% CI: 1.49-3.99) for pneumonia, and 2.57 (95% CI: 1.72-3.85) for all-cause mortality
(depicted as early airflow limitation in Figure 5). Interestingly, these individuals also displayed an
increased risk of heart failure with a HR of 2.11 (95% CI: 1.09-4.10) but not of ischaemic heart
disease with a HR of 0.92 (95% CI: 0.59-1.46). Taken together, younger adults identified with early
airflow limitation according to LLN but not fixed ratio seem to display an increased risk of

respiratory and cardiovascular morbidity and poor survival.

Individuals with airflow limitation according to the LLN but not fixed ratio seem to be a clinical
group with impaired respiratory health.37:656%7273 |n the European Community Respiratory Health
Survey, these individuals had an increased risk of developing FEV1 <80% predicted and hospital
service utilisation due to breathing problems after 9 years of follow-up.” In the third National
Health and Nutrition Examination Survey, the same clinical group displayed nominally the highest
risk for all-cause mortality after 18 years of follow-up, despite of only comprising 20 individuals
and a P-value >0.05.%° In the Copenhagen General Population Study, these individuals displayed an
increased risk of pneumonia, heart failure, and all-cause mortality.®’ It may be necessary to combine
LLN with fixed ratio among younger individuals to identify an important clinical group with early
airflow limitation at risk of COPD that would otherwise be overlooked by using fixed ratio alone. A
likely explanation for presence of early airflow limitation may be underdeveloped lungs (sometimes
denoted as small lungs), most likely due to low maximal attained lung function in early adulthood.®
Low maximally attained lung function in early adulthood has been demonstrated to be an important
risk factor for development of COPD later in life despite of normal age-related lung function

decline.’® Level of maximal attained lung function in early adulthood may depend on multiple
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factors that influence normal lung development including genetics, prenatal exposures, birth weight,
exposure to parental smoking, frequency of respiratory tract infections, and presence of asthma.’
Interestingly, only 12% of individuals with early airflow limitation reported to have asthma in the
Copenhagen General Population Study,®” suggesting that other risk factors may be in play.
Furthermore, these individuals also displayed an increased risk of heart failure. Heart failure has
long been associated with airflow limitation and it can often be a diagnostic challenge in patients
with COPD."*7® By using LLN among young individuals, we may not only be able to identify those

at risk of developing COPD later in life but perhaps also those developing heart failure later in life.

Normal spirometry with chronic respiratory symptoms

A prodromal phase of COPD was once suggested by GOLD to identify high-risk smokers,
previously designated as GOLD stage 0.8 GOLD stage 0 included individuals with chronic cough
and phlegm but with a normal spirometry, defined as FEV1/FVC >0.70. Due to incomplete evidence
of whether or not individuals with GOLD stage 0 progress to GOLD stage 1 or beyond, i.e.
FEV1/FVC <0.70, GOLD recommended that GOLD stage 0 should no longer be included in the
diagnosis and management of COPD.”® Nonetheless, smokers with normal spirometry but with
chronic respiratory symptoms still constitute a significant proportion of the clinical consultations
and may be at risk of developing COPD later in life.?:-2426 \We therefore investigated the prognostic
significance of chronic respiratory symptoms in individuals with normal spirometry without known
airway disease and tested the hypothesis that chronic respiratory symptoms are associated with
respiratory hospitalisations and death in individuals with normal spirometry without known airway
disease.® Normal spirometry was defined as FEV1/FVC >0.70 and chronic respiratory symptoms

included dyspnoea, chronic mucus hypersecretion, wheezing, and/or cough.
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Among 108 246 individuals from the Copenhagen General Population Study, 10 291 (10%) were
excluded due to known airway disease, i.e. COPD and/or asthma. Among the remaining 97 955
individuals, 52 999 (54%) had normal spirometry without chronic respiratory symptoms, 30 890
(32%) had normal spirometry with chronic respiratory symptoms, 7076 (7%) had airflow limitation
without chronic respiratory symptoms, and 6990 (7%) had airflow limitation with chronic
respiratory symptoms. Individuals with normal spirometry with versus without chronic respiratory
symptoms were older (median age 58 versus 55 years), had slightly lower lung function (median
FEV1 96% versus 101% predicted), were more active smokers (22% versus 11%) with a higher
tobacco consumption (median 18 versus 11 pack-years), and had more often non-pulmonary
diseases, including cardiovascular disease (13% versus 7%), diabetes (6% versus 3%), and cancer
(7% versus 6%). Furthermore, these individuals reported greater healthcare use with frequent
episodes of acute bronchitis/pneumonia and visits to the physician’s office. Dyspnoea and wheezing
were the most frequent symptoms. In individuals with normal spirometry, only 1% had FEV1/FVC
<LLN in both those with and without chronic respiratory symptoms, thereby suggesting less

influence of early airflow limitation.

During up to 14 years of follow-up (median: 8.8 years), 1037 exacerbations, 5743 pneumonias, and
8750 deaths were registered. In individuals with normal spirometry, those with chronic respiratory
symptoms compared to those without had increased risk of hospitalisations due to exacerbation of
obstructive lung disease and pneumonia and increased all-cause mortality after adjustment for
potential confounders of pulmonary and non-pulmonary diseases. HR for individuals with normal
spirometry with versus without chronic respiratory symptoms was 1.62 (95% CI: 1.20-2.18) for
exacerbation, 1.26 (95% ClI: 1.17-1.37) for pneumonia, and 1.19 (95% CI: 1.13-1.25) for all-cause
mortality (Figure 5). Increased risks could already be observed after only 2 years of follow-up, and

the risk estimates were stable throughout the whole 14 years follow-up period.*®
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Figure 8 | Risk of exacerbation, pneumonia, and all-cause mortality in individuals with normal spirometry. HRs with 95% Cls are multivariable adjusted adapted from Colak et al.3®
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Interestingly, results were similar when never- and ever-smokers were investigated separately
(Figure 8). All types of chronic respiratory symptoms were associated with all outcomes with
comparable risk estimates in individuals with normal spirometry; however, the 95% Cls for
dyspnoea overlapped with 1.0 for risk of exacerbation (Figure 8). A clear dose-response
relationship was present in the form of higher risk estimates with higher number of symptoms

(Figure 8).

Among individuals with normal spirometry without known airway disease, as high as 32% report
chronic respiratory symptoms. Even after adjustment for relevant pulmonary and non-pulmonary
disease related risk factors, these individuals still display an increased risk of exacerbations of
obstructive lung disease, pneumonias, and early death, including deaths with respiratory disease as
underlying cause.®® Similarly, in the Subpopulations and Intermediate Outcome Measures in COPD
Study, smokers reporting severe symptoms compared to smokers reporting mild symptoms had an
increased risk of COPD related exacerbations despite presence of normal spirometry.2® In addition,
symptoms, primarily in the form of chronic cough and phlegm, have been associated with increased
risk of early death in individuals with normal spirometry before.”’-8 While symptoms have been
associated with accelerated lung function decline and development of airflow limitation,®82-%
increased risks in the Copenhagen General Population Study could already be observed after only 2
years of follow-up. It is very unlikely that these individuals during this short follow-up period
developed airflow limitation, especially when only 1% of them had early airflow limitation defined
as FEV1/FVC <LLN. However, in other studies, individuals with normal spirometry and chronic
respiratory symptoms have shown evidence of airway and alveolar abnormalities, including
increased airway wall thickness, pulmonary emphysema, gas trapping, and abnormal diffusing
capacity, well-known attributes of clinical COPD.?32526.91-% |t js therefore reasonable to suspect

early COPD in these individuals not yet evidenced by airflow limitation.* However, it seems that
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only a small proportion of them progress over time from having symptoms alone to comorbid
airflow limitation.® Thus, symptoms in the absence of airflow limitation may not only be a marker
of early COPD but perhaps also impaired respiratory health.” Another important consideration is
whether current clinical practice would ever lead to a diagnosis of COPD in these individuals, as
they may never develop airflow limitation but still display signs of COPD. At the moment, this has
also become the main reason for discussing whether airflow limitation should remain an obligate

diagnostic feature for COPD.%%

Early COPD

An international group of experts has recently proposed an operational definition for early COPD
by distinguishing “early” from “mild” disease.* While mild COPD indicates that the disease has
already developed and focus should be on treatment to halt progression, early COPD means that the
disease has not fully developed and may still be prevented. Accordingly, early COPD should be
defined in individuals aged <50 years with a smoking exposure >10 pack-years with one or more of
the following: (i) early airflow limitation defined as post-bronchodilator FEV1/FVC <LLN, (ii)
compatible thoracic computed tomography (CT) abnormalities such as visual emphysema, air
trapping, and/or bronchial thickening graded mild or worse, and/or (iii) evidence of accelerated
FEV1 decline relative to FVC such as >60 mL/year. Hitherto, no information has been available on
the impact of early COPD and knowledge has, as an alternative, been extrapolated from what is
known as mild COPD.%" We therefore investigated the prevalence, characteristics, and prognosis of

individuals with early COPD in the general population.®

Among 105 630 individuals from the Copenhagen General Population Study, 8064 (8%) were aged

<50 years with a smoking exposure >10 pack-years, of whom 1175 (15%) had early COPD, defined
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as FEV1/FVC <LLN. Among these 8064 high-risk young smokers, early COPD was prevalent in
7% of those aged 20-29 years, 10% of those aged 30-39 years, and 15% of those aged 40-49 years
(Figure 9). More than two-third of individuals with early COPD reported at least one chronic
respiratory symptom. Prevalence of FEV1/FVC <LLN was lower among those with smoking

exposure <10 pack-years.
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Figure g | Prevalence of FEV./FVC <LLN according to age and smoking exposure. Adapted from Colak et al.3?
Reprinted with permission of the American Thoracic Society. Copyright © 2021 American Thoracic Society. All rights
reserved. The American Journal of Respiratory and Critical Care Medicine is an official journal of the American
Thoracic Society.

Compared to high-risk young smokers at risk but without early COPD, those with early COPD were
more often active smokers (46% versus 58%) and had a higher tobacco consumption (median 19
versus 23 pack-years). A substantial proportion also had significant lung function impairment with
FEV1/FVC <0.70 (1% versus 75%) and FEV1 <80% of predicted (9% versus 40%), probably due to

the LLN criteria being included in the operational definition for early COPD.
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During up to 14 years of follow-up (median: 10 years), we observed 117 exacerbations of
obstructive lung disease, 227 pneumonias, and 185 deaths among these 8064 high-risk young
smokers. Compared to individuals without early COPD, HR in individuals with early COPD was
6.42 (95% CI: 3.39-12.2) for exacerbation, 2.03 (95% CI: 1.43-2.88) for pneumonia, and 1.79 (95%
Cl: 1.28-2.52) for all-cause mortality (Figure 5). When individuals with and without early COPD
were stratified according to presence of chronic respiratory symptoms, symptomatic individuals
without early COPD had an increased risk of exacerbations and pneumonias but not of all-cause
mortality, whereas symptomatic individuals with early COPD had an increased risk of all
investigated outcomes. Asymptomatic individuals with and without early COPD did not differ
regarding prognosis. No evidence of interaction between early COPD and chronic respiratory
symptoms was found. Individuals with early COPD more often display chronic respiratory
symptoms and severe lung function impairment, and an increased risk of obstructive lung disease

and pneumonia related hospitalisations and early death.

Upon comparison, younger individuals with early COPD displayed lower relative risk estimates for
exacerbations but higher for pneumonias and all-cause mortality compared to older individuals with
COPD (in this instance defined as FEV1/FVC <LLN in those aged >50 years with smoking
exposure >10 pack-years). Interestingly, differences were smaller when comparing the
symptomatic subgroups of younger individuals with early COPD and older individuals with COPD.
In contrast, asymptomatic older individuals with COPD had poorer prognosis than asymptomatic
younger individuals with early COPD, probably due to more lung function impairment with FEV1

<80% predicted (24% in younger versus 40% in older individuals).

More than half of individuals with early COPD reported to be active smokers and hence available

for smoking intervention that could potentially halt progression of lung damage and change the
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disease course accordingly. Importantly, a substantial proportion already had clinical signs of
disease onset at the baseline examination in the form of chronic respiratory symptoms and
significant lung function impairment with FEV1/FVC <0.70 and FEV1 <80% of predicted. An
increased risk of exacerbations and pneumonias was already observed after a very short follow-up
time. The newly proposed operational definition for early COPD therefore seems to capture not
only mild but also moderate cases of COPD. A refinement of the definition may therefore seem
warranted so the very early phases of disease development can be captured in order to implement

prevention before irreversible lung damage has taken place.

Approximately half of individuals without early COPD reported chronic respiratory symptoms.
Symptomatic individuals with and without early COPD had at the baseline examination many
clinical features in common and shared similar poor prognosis. It is possible that symptomatic
individuals despite displaying FEV1/FVC >LLN may still have other abnormalities as evidenced by
thoracic CT and/or FEV1 decline suggesting presence of early COPD. The high burden of early
COPD in our study is therefore likely underestimated, as the other requirements to fulfil the

operational definition for early COPD were not applied.

Asymptomatic individuals with early COPD shared similar baseline characteristics and did not
differ in prognosis compared to asymptomatic individuals without early COPD, suggesting that
presence of chronic respiratory symptoms may be a marker of disease progression when applying
the operational definition for early COPD.* Despite lung function impairment, asymptomatic
individuals with early COPD may perhaps not develop clinical COPD and could easily represent
individuals with impaired respiratory health only, probably due to low maximal attained lung

function in early adulthood.%
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From early to clinical COPD

The burden of early COPD seems substantial, but whether young adults identified with early COPD
will develop clinical COPD later in life is unknown.® In addition, many individuals identified with
early COPD already show signs of clinical COPD that will likely benefit from treatment. Since
never-smokers and smokers with low smoking exposure such as <10 pack-years may also develop
COPD,#:51:53.99.100 hrogression from early to clinical COPD would also be relevant to investigate in
these subgroups even if they do not fulfil the threshold for smoking exposure in the operational
definition for early COPD.* Future patients with COPD will likely have less smoking exposure due
to the decreasing smoking prevalence and increasing proportion of smokers with low tobacco
consumption.®! We therefore investigated risk of clinical COPD 10 years later in young adults

from the general population with and without early COPD with a focus on smoking exposure.>®

Among 89 054 adults with FEV1/FVC >0.70 at baseline examination from the Copenhagen General
Population Study, 14 870 had lung function measurement at the final examination 10 years later.
Among these 14 870 individuals, 5497 were aged <50 years at the baseline examination, of whom
168 (3%) had early COPD, defined as FEV1/FVC <LLN (corresponding to early airflow limitation
as FEVY/FVC >0.70 and <LLN). At the final examination 10 years later, out of 5497 individuals,
104 (2%) had developed clinical COPD, defined as chronic respiratory symptoms with FEV1/FVC

<0.70 and FEV1 <80% predicted.

During follow-up, individuals with versus without early COPD did not differ regarding FEV1
decline (median 23 versus 22 mL/year). While FEV1 decline >60 mL/year was observed in 8% of
those with early COPD, it was observed in 6% of those without early COPD. In contrast,

individuals that developed clinical COPD during follow-up had an FEV1 decline of 45 mL/year
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(31% with FEV1 decline >60 mL/year), whereas individuals without clinical COPD had an FEV1

decline of 21 mL/year (6% with FEV1 decline >60 mL/year).
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Figure 10 | Early COPD at baseline examination before age 50 and development of clinical COPD at final

examination 10 years later. Adapted from Colak et al.>5 Reprinted with permission of the American Thoracic

Society. Copyright © 2021 American Thoracic Society. All rights reserved. The American Journal of Respiratory and

Critical Care Medicine is an official journal of the American Thoracic Society.

At the baseline examination, prevalence of early COPD in individuals aged <50 years was 4% in

smokers with >10 pack-years, 3% in smokers with <10 pack-years, and 2% in never-smokers. Thus,
after exclusion of individuals with FEV1/FVC <0.70 at the baseline examination, 4% and not 15%
seemed to fulfil the operational definition for early COPD in the Copenhagen General Population
Study.*3°5% At the final examination 10 years later in smokers with >10 pack-years, 24% developed
clinical COPD in those with early COPD versus 4% in those without early COPD (Figure 10).
Corresponding numbers were 10% and 1% in smokers with <10 pack-years, and 3% and <1% in

never-smokers, respectively.
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Choosing a smoking exposure threshold as >10 pack-years at the baseline examination in
individuals with early COPD vyielded a sensitivity of 24%, a specificity of 96%, a positive
predictive value of 21%, and a negative predictive value of 97% for predicting clinical COPD at the
final examination 10 years later. Changing smoking exposure from >10 pack-years to ignoring the
quantity, i.e. including all smokers, dropped sensitivity slightly from 24% to 18% without any
noteworthy change in specificity, or in positive- or negative predictive values. Sensitivity dropped

to 13% when never-smokers were also included without any large change in the other values.

Risk of clinical COPD at the final examination 10 years later in individuals with early COPD at the
baseline examination did not differ substantially with odds ratios (ORs) of 7.77 (95% CI: 4.10-14.7)
in smokers with >10 pack-years and 8.56 (95% CI: 4.92-14.9) in all smokers.*® Risk of exacerbation
with obstructive lung disease during follow-up also did not differ with corresponding HRs of 4.16
(95% CI: 1.66-10.5) and 4.33 (95% CI: 1.89-9.93), respectively. Results were independently

validated in the Copenhagen City Heart Study.

Depending on amount of smoking exposure, less than 24% of individuals defined with early COPD
at the baseline examination developed clinical COPD at the final examination 10 years later,
thereby demonstrating how difficult it is to define early COPD and the potential for overdiagnosis
in younger adults. Nonetheless, a high negative predictive value of 97% was obtained, suggesting
that the proposed operational definition for early COPD may be good at excluding individuals not
likely to develop clinical COPD later in life. In fact, less than 4% of individuals with normal

spirometry subsequently developed clinical COPD.

Smoking exposure >10 pack-years has been suggested as a requirement in the recently proposed
operational definition for early COPD.* However, younger individuals seem to be less represented

in those with smoking exposure >10 pack-years when age distribution was investigated in
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individuals aged <50 years at the baseline examination.>® Among all 5497 individuals in the
Copenhagen General Population Study, 20% were aged 20-39 and 80% were aged 40-49.
Corresponding numbers were 25% and 75% in those with FEV1/FVC <LLN, 14% and 86% in those
with smoking exposure >10 pack-years, and 16% and 84% in those with both FEV1/FVC <LLN and
smoking exposure >10 pack-years, respectively. Since it will usually take a longer time for an
average smoker to obtain a higher tobacco consumption, the age distribution moves towards higher
age. Capturing the very early phases of disease development in COPD will therefore be reduced by
having a high smoking exposure threshold in the definition. Never-smokers and smokers with low
tobacco consumption may also develop COPD and will not benefit from early prevention and

intervention with the present operational definition for early COPD.

Clinical perspectives and future investigations

Emerging evidence now suggests the existence of individuals with early COPD, but not all of them
seem to progress over time to develop clinical COPD.3%% Therefore, if all with early COPD are
identified and treated, an unfortunate consequence will be potential overdiagnosis of a large group
subjected to preventive measures to halt progression and development of COPD. In consequence,
identification of markers for disease progression from early to clinical COPD is a necessity in future
investigations to avoid overdiagnosis. So far, combination of early airflow limitation with chronic
respiratory symptoms seems promising. Nonetheless, individuals identified with early COPD still
display impaired respiratory health by experiencing all well-known complications of COPD

including early death.

It is important to note that we do not have the necessary evidence to support that intervention in

individuals with early COPD halts progression and development of COPD later in life. Effect of a
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certain intervention can therefore only be speculated on by extrapolating knowledge from available
trials performed in individuals with established COPD. Since many individuals with early COPD
report to be active smokers,*>*® an important intervention would nonetheless be smoking cessation.
Smoking cessation should be regarded as the most effective preventive measure for COPD.°
Indeed, in the Lung Health Study, a randomised controlled trial involving individuals with mild to
moderate COPD, smoking cessation was not only associated with lower FEV1 decline and fewer
respiratory symptoms but also improved overall survival.>®1%2-104 By intervening in the very early
phases of disease development in COPD before irreversible lung damage has taken place, a greater
effect of smoking cessation may be anticipated. Furthermore, since individuals with early COPD
displayed increased risk of exacerbations of obstructive lung disease and early death like
individuals with developed COPD, it would only be reasonable to contemplate on pharmacological
therapies targeting COPD, including LABA, LAMA, and ICS. A meta-analysis of randomised
controlled trials testing the effect of pharmacological therapies in individuals with developed COPD
demonstrated that active therapy versus placebo attenuated FEV1 decline with 5 mL/year (7
mL/years when restricting to 1CS).1% These effect sizes were likely underestimates as
approximately half of the included subjects were in the sixth decade of life, where the necessary
FEV1 decline to develop COPD has already taken place. Indeed, in the UPLIFT study, individuals
with COPD aged <50 years yielded an FEV1 decline difference of 20 mL/year between active
therapy versus placebo. % Since treatment response seems higher when therapy is initiated at
younger age, and presuming that therapy can be initiated in individuals with early COPD, the
putative minimal clinically important difference of 100 mL can already be achieved after only 5
years of treatment.'%” Other interventions that would be relevant to test in individuals with early

COPD include pneumococcal and influenza vaccination due to the increased risk of pneumonias.
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COPD has its origin in early life and develops gradually over many years. Prejudice in the form of
COPD being a self-inflicted disease by smoking in older individuals should be abandoned.
Development of COPD will not be eliminated with absence of or low smoking exposure, which will
become increasingly evident in the future with worldwide decreasing smoking prevalence.'%
Current clinical practice is challenged with severe untreatable COPD due to late diagnosis.
Addressing individuals at high risk of developing COPD may be part of the solution, which
unfortunately is not prioritised in current clinical practice. Like the cardiovascular risk factors
hypertension and hypercholesterolemia, lung function impairment and chronic respiratory
symptoms should perhaps also be regarded as risk factors needing attention. Lung function
impairment and chronic respiratory symptoms comprise pathological conditions associated with
increased morbidity and mortality, mostly with COPD as underlying cause. An obvious question for
future research is therefore whether available treatments for COPD could be relevant to target also
in individuals with these risk factors. Some may argue that the consequences of overtreatment may
be less worrisome than the consequences of developing COPD; however, this also needs to be
tested in randomised controlled trials. Overtreatment of individuals with hypertension and
hypercholesterolemia is already taking place to prevent cardiovascular disease, that is, a large
fraction of individuals receiving antihypertensive and cholesterol-lowering treatment do not
personally benefit with reduced cardiovascular disease, but a crucial difference is that the needed
evidence is provided to understand the balance between over- versus undertreatment. Since
available treatments for COPD have been proven to be effective, should the indication be further
expanded to include individuals with early COPD at risk? As mentioned above, only large
randomised controlled trials involving individuals at high risk of developing COPD and focusing on

primary prevention can provide the necessary evidence.
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Concluding remarks

Current clinical practice is challenged by the increased burden of severe untreatable COPD,
highlighting the need for early diagnosis before irreversible lung damage has taken place. Since
COPD has its origin early in life and develops gradually over many years, individuals that will
develop COPD could be identified before disease onset allowing for implementation of preventive
measures thereby likely halting progression. Although airflow limitation in the clinical diagnosis of
COPD is defined as FEV1/FVC <0.70, a subgroup of younger individuals predisposed to develop
COPD later in life can be identified with early airflow limitation defined as FEV1/FVC <LLN.
Younger individuals identified with early airflow limitation display an increased risk of
hospitalisations due to obstructive lung disease and an increased risk of early death. Individuals
with chronic respiratory symptoms despite normal spirometry also seem to be predisposed to
develop COPD. Depending on the amount of smoking exposure, prevalence of early COPD ranges
up to 4%, of whom one in four develops clinical COPD 10 years later, suggesting challenges with
potential overdiagnosis and overtreatment if all with early COPD were treated. On the other hand,
individuals identified with early COPD have signs of impaired respiratory health with increased
morbidity and mortality and could potentially benefit from COPD targeted preventive measures,
which needs to be documented before implemented. In any case, an age cut-off of 50 years and
smoking exposure of 10 pack-years may be too late for early diagnosis and intervention for COPD.
Therefore, large randomised controlled trials investigating primary prevention in individuals at risk

of developing COPD later in life are needed.
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Study design and populations

The Copenhagen General Population Study (CGPS) is a Danish contemporary population-based
cohort initiated on November 26, 2003 with ongoing enrolment.*® Since the initiation of the study,
>150 000 individuals have been examined. In Denmark, all individuals are assigned a unique
identification number (the Central Person Registration number) at birth or immigration and
recorded with information such as date and place of birth, sex, residency, citizenship, and date of
death in the national Danish Civil Registration System since its establishment in 1968.7°
Individuals aged 20-100 years living in the Capital Region of Denmark are randomly selected from
the national Danish Civil Registration System to reflect the adult Danish general population
(response-rate 43%). Approximately 25% of the eligible individuals aged <40 years are randomly
selected, whereas all eligible individuals aged >40 years are randomly selected. Participants are
invited by a letter, and if they do not respond, a second letter is sent. All participants complete a
questionnaire, undergo a physical examination, and give blood for biochemical and genetic
analyses. Questionnaires are reviewed at the day of attendance by a healthcare professional together
with the participant. The study was approved by Herlev and Gentofte Hospital and a Danish ethical
committee (identification number: H-KF-01-144/01) and was conducted according to the
Declaration of Helsinki. All participants provide written informed consent. We have included
individuals with complete information on lung function at baseline examination recruited from
November 26, 2003, to April 28, 2015. An ongoing follow-up examination was initiated in March
31, 2014, where individuals are invited systematically based on region and previous participation
date following similar recruitment criteria as described above, thereby allowing an approximately

follow-up time of 10 years for individuals participating twice.>°
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The Copenhagen City Heart Study (CCHS) is a Danish historical population-based cohort initiated
in 1976-78 with follow-up examinations in 1981-83, 1991-94, 2001-03, and 2011-13, recruited and
examined as the CGPS but from different parts of Copenhagen.!*! The CCHS was used for
independent external validation of some of the findings in the CGPS.! In this regard, no individual
appeared in more than one study. Since we needed a comparable time of follow-up as in the CGPS,
we used information on lung function and smoking exposure from the 1981-83, 1991-94, and 2001-
03 examinations in order to approximate a follow-up time of 10 years, i.e. we followed individuals

from 1981-83 through 1991-94, and individuals from 1991-94 through 2001-03.

An important type of bias to consider in a population-based cohort is selection bias, which arises
due to a systematic error in the recruitment process.? The consequences of selection bias will be
that the estimated study parameters in the cohort are not truly representative of the general
population, thereby limiting external validity or generalisability. However, individuals in the CGPS
were sampled from the national Danish Civil Registration System, where all individuals in
Denmark are registered, and study findings can therefore easily be extrapolated to the Danish
general population, especially due to the large sample-size where random variation is redundant.
Differential selection according to exposure and outcome is also less likely, as individuals in the
CGPS were randomly sampled before outcome onset. Nonetheless, we have only sampled a certain
proportion of individuals aged <40 years, which may influence generalisability in younger
individuals. It is also important to note that individuals were sampled from the Capital Region,
which despite of comprising the largest proportion of individuals living in Denmark may influence
generalisability to other Danish regions; however, since Denmark is a relatively small homogeneous

country, this may be less important.
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Non-response is a potential source of bias that should be considered, since we had a response-rate
of 43% in the CGPS. Non-response bias arises due to systematic differences between non-
responders and responders. Generalisability will be affected if non-responders differ from
responders regarding exposure and outcome. However, this type of bias often does not affect
exposure and outcome due to random sampling, i.e. internal validity, which means that the tested
hypotheses between exposure and outcome are valid.*? Nonetheless, it is well-known that non-
responders compared to responders are characterised by a more severe disease phenotype.'? Non-
response bias may therefore have underestimated the true burden of disease in individuals with
early undiagnosed COPD in the CGPS compared to the Danish general population, as only the

healthiest individuals respond to the invitation and participate.

Losses to follow-up is another important source of bias in population-based cohorts, especially
when individuals that are lost during follow-up are systematically different from those who remain
in the study, which may again influence generalisability.'> However, we did not lose track of even a
single individual during follow-up in the CGPS due to the unique Central Person Registration
number provided to everyone at birth or immigration via the national Danish Civil Registration
System. Individuals who emigrated during follow-up were censored at the date of emigration,
which in the CGPS comprised 0.4% (452 out of 108 246 with complete information on lung
function). It is therefore unlikely that losses to follow-up can be considered as a bias in the CGPS,

and even if present, it probably has minimal importance.

COPD

Defining chronic obstructive pulmonary disease (COPD) has always been a challenge in clinical

epidemiology.*® Although individuals identified with COPD in a population-based cohort cannot be
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equated to patients diagnosed with COPD in clinical practice, we can always approximate a clinical
diagnosis of COPD by defining a typical average patient with COPD. Almost all patients with
COPD in clinical practice are diagnosed in accordance with the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) recommendations by confirming airflow limitation, defined as a
fixed ratio of post-bronchodilator forced expiratory volume in 1 second (FEV1)/forced expiratory
volume (FVC) <0.70, in those with respiratory symptoms and a relevant exposure.* Worldwide,
tobacco smoking remains the single most important risk factor for COPD,* with the exception that
some never-smokers due to other forms of exposure also develop COPD.*® By combining lung
function with information on respiratory symptoms and smoking exposure in the CGPS, we will be
approximating a clinical diagnosis of COPD. Additional sensitivity analyses can be carried out by
using stricter criteria for defining COPD, which will increase specificity but reduce sensitivity for
the clinical diagnosis of COPD. That said, these prerequisites for COPD diagnosis do not
necessarily apply to what has become known as early COPD, as this is an unknown field, where we
mostly rely on hypotheses and operational definitions based on the natural history of airflow

limitation and COPD. 6/

Lung function

All randomly invited participants in the CGPS completed spirometry at the physical examination
without any prior selection criteria. Spirometry was conducted by trained healthcare professionals
according to the standard operating procedure for spirometry performance developed specifically
for the CGPS, which has undergone a rigorous validation process before.®*® Pre-bronchodilator
measurements of FEV1 and FVVC were performed, typically measured with at least three sets of

values and up to seven. Spirometry was performed in a standing position without the use of a nose-
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clip under strict instructions from the trained healthcare professional. A valid spirometry
performance was based on at least two measurements differing by less than 5% and a correct visual

inspection of the spirometry curves. Only the highest measurements of FEV1 and FVVC were used.

Spirometry can often be challenging. Measurement errors often arise due to inadequate or
incomplete inhalation, a slow start or lack of blast effort during exhalation, additional breath taken
during manoeuvre, lack of tight lips around the mouthpiece, early stop of exhalation, some
exhalation through the nose, and/or coughing.'® FVC will often be more affected than FEV1. In
order to minimise such errors, observation during performance and visual inspection of the
spirometry curves are necessary, all of which are incorporated in the standard operating procedure
for spirometry performance in the CGPS.!8 More than three measurements are usually taken if
performance errors are observed or suspected. Using only the highest measurements of the
spirometric indices will also likely reduce such type of errors. On rare occasions, participants are
really incapable of performing an adequate spirometry usually due to old age and/or a chronic
condition, where we here instead have prioritised the presence of an invalid measurement rather
than the absence of a valid measurement.?®?! Here, we simply acknowledge the fact that old age and
chronic conditions will affect spirometry performance and lung function, which indeed is more
realistic and reflective of clinical practice. Despite such potential measurement problems in some
individuals, a large sample-size in the CGPS ensures a proper random distribution of lung function
measurements including those with and without measurement error thereby reflecting the Danish

general population.

In the first 14 625 participants, spirometry was performed using a Vitalograph Spirometer (Maids
Moreton, Buckinghamshire, UK), and in the remaining participants, it was performed using an

EasyOne Spirometer (ndd Medical Technologies, Zurich, Switzerland).®*® The Vitalograph was
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replaced in 2005 as it stopped functioning. Therefore, we do not have data allowing comparison of
measurements from the two spirometers on the same participants. However, lung function
distribution was overall similar in the CGPS between Vitalograph and EasyOne measurements,??
suggesting that large systematic differences between the two spirometers should not be considered
as an issue. While Vitalograph was calibrated daily with a 1-L syringe, EasyOne was verified
regularly with a 3-L syringe in accordance with the manufacturers recommendations. These two
spirometers are categorised as light-weighted office spirometers and should fulfil the minimum
quality criteria, but they are not as accurate as the spirometers designed for respiratory function
laboratories. The spirometers were operated by multiple healthcare professionals, which may lead to
a systematic difference in recording of measurement and assessment of spirometry quality. While
this may be considered as a flaw in the study design, it resembles a typical clinical practice, where
such types of spirometers are more frequently used and operated by multiple personnel. In order to
standardise spirometry performance, the staff was trained properly using standard operating
procedures in spirometry performance, which was certified on three occasions by more experienced

instructors including myself YC.

Predicted values were calculated using internally derived reference values based on a subsample of
healthy asymptomatic never-smokers without any chronic condition with age and height as
covariates separately for men and women, comprising 11 288 individuals aged 20-100 years (10
572 from the CGPS and 716 from the CCHS).>® Asymptomatic was defined as being without
dyspnoea, chronic mucus hypersecretion, wheezing, and cough. Chronic condition was defined in
accordance to the guestionnaire and national Danish Patient Registry and included among others

respiratory- and cardiovascular disease, diabetes, and cancer.
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Airflow limitation was defined according to a fixed ratio, i.e. FEV1/FVC <0.70, and the lower limit
of normal (LLN), i.e. FEV1/FVC <LLN; the LLN was defined as the bottom 5th percentile of the
predicted value for FEV1/FVC, calculated as the mean value minus 1.645 standard deviations.®
Predicted values for FEV1/FVC were usually calculated using internally derived reference values
based on the CCHS and CGPS, but they were also calculated according to reference values based
on (1) the Global Lung Initiative (GLI),% (2) the National Health and Nutrition Examination Survey
(NHANES),?* and (3) the European Community for Steel and Coal (ECSC).2°> While the fixed ratio
was designated as the GOLD criteria, the other four LLN criteria were designated as CCHS/CGPS,
GLI, NHANES, and ECSC criteria, respectively. It is important to note that GOLD recommends
use of post-bronchodilator FEV1/FVC <0.70 for the clinical diagnosis of COPD.* Since post-
bronchodilator spirometry was not performed in the CGPS, a slight modification of the GOLD
criteria was a necessity. However, we were also interested in whether pre-bronchodilator spirometry
could identify high-risk individuals with COPD, as spirometry in general is underused in clinical
practice, and if spirometry is used, the post-bronchodilator part is often omitted due to being very
time-consuming. Although prevalence of airflow limitation varied as much as 8% to 17% between
the five different criteria, the distribution of airflow limitation severity according to FEV1 % of
predicted was surprisingly similar including in those with FEV1/FVC <0.70.° Interestingly, the fact
that all the different airflow limitation criteria identified high-risk individuals with COPD to a
similar degree suggests that they all have high internal validity without any clinical noteworthy
differences between them. However, when we combined the different airflow limitation criteria, we
witnessed only moderate degree of overlap and large size of discordant groups, where some of them
had a COPD-like disease and prognosis. In this regard, it was obvious that GOLD and the locally
derived LLN criteria, i.e. CCHS/CGPS, seemed optimal for identifying high-risk individuals with

COPD.,® which were mostly done in all our investigations.
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We were unable to classify the type of airflow limitation as reversible or irreversible, as only pre-
bronchodilator but not post-bronchodilator spirometry was performed. A reversible airflow
limitation may indicate a diagnosis of asthma, and an irreversible airflow limitation may indicate a
diagnosis of COPD or asthma-COPD overlap.?® Some of the individuals identified with airflow
limitation could therefore be suspected to have asthma. Although using pre-bronchodilator instead
of post-bronchodilator spirometric indices have been shown to overestimate prevalence of
COPD,**2 there seems to be no difference in diagnostic accuracy for COPD between them.?® Since
airflow limitation was defined in a high-risk population with substantial smoking exposure typically
combined with moderate to severe airflow limitation with FEV1 <80% predicted, usually applied as
inclusion criteria in clinical trials with COPD and exclusion criteria in clinical trials with asthma,
the majority would be expected to have COPD or asthma-COPD overlap.2® When relevant,
individuals with self-reported asthma were also excluded in sensitivity analyses and results were
similar. Since we also aimed at identifying and investigating individuals with early COPD, we
deliberately did not exclude individuals with asthma in all analyses, as asthma may precede and
contribute to the risk of developing COPD.® Furthermore, individuals identified with COPD
experienced frequent acute emergency department visits and/or hospitalisations with a primary
diagnosis of COPD in the national Danish Patient Registry, which has previously been shown to
have a high positive predictive value of 92% for the diagnosis of COPD.?® An exacerbation of
COPD could therefore be used to validate the clinical diagnosis of COPD in individuals identified
with airflow limitation. Nonetheless, we may have overlooked a group of individuals with a certain
degree of reversibility in lung function despite normal spirometry or absent airflow limitation that
may, if reversibility is of clinical magnitude, suggest undiagnosed asthma.*° Such type of

misclassification will likely be non-differential, as reversibility will likely be present both in those
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with and without airflow limitation, perhaps even more in those with airflow limitation, and hence

bias towards the null-hypothesis and not likely explain the positive findings in our studies.

Respiratory symptoms

Information on respiratory symptoms in the CGPS was obtained from the questionnaire. All
randomly invited participants have completed the questionnaire at home and had it reviewed at the
day of attendance by a healthcare professional together with the participant. Respiratory symptoms
included dyspnoea, chronic mucus hypersecretion, wheezing, and cough.?® Dyspnoea was defined
as breathlessness or troubled breathing during different levels of walking, at night-time, while
bathing, getting dressed, seated, and/or at rest. Chronic mucus hypersecretion was defined as
coughing and phlegm from the lungs in the morning and/or during the day as long as three
consecutive months each year. Wheezing was defined as occasional whistling or wheezing while

breathing. Cough was defined as occasionally coughing during activity.

Recall bias should not be an issue, since many of the applied respiratory symptoms did not have
reference to a specific time horizon. In contrast, interviewer bias could be suspected, as all
participants despite of completing the questionnaire at home will have it reviewed at the day of
attendance by a healthcare professional. However, since all participants in the CGPS are randomly
selected without any prior knowledge on previous medical history or condition, interviewer bias is
less likely to be present. Questionnaires are also reviewed before the physical examination and
blood sampling, so the healthcare professionals are completely blinded from the objective

measurements.
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Despite similar disease severity, individuals may differ in symptom perception.®! While some will
have high symptom perception and tend to overreport, others will have low and underreport.
Whether this should be considered as a bias or simply the nature of people can be discussed. It is,
however, important to be aware of these circumstances and accept that individuals will inevitably
differ in how symptoms are acknowledged and reported. Since we ought to investigate or identify
an average patient with symptoms, the unusual cases that will disturb a true association between
exposure and outcome, e.g. asymptomatic individuals with severe airflow limitation, will only
become a statistical noise that will diminish, as these individuals will be expected to comprise a
very small proportion in an otherwise large random sampling. Furthermore, the consequence will
likely be non-differential misclassification biasing towards the null-hypothesis for later developed

morbidity or mortality.

Since some of the used questions on respiratory symptoms in the CGPS are activity-dependent,
mostly those related to dyspnoea, the responses may be biased if individuals adapt their activity
level to reduce symptoms, e.g. limiting walking or other activities, they may indicate having no
difficulties in breathing during activity.* A way of circumventing this type of bias is to investigate
differences between symptoms that are activity-dependent and those that are not. In our studies, the

results were similar for these two types of symptoms.

Validated standardised questionnaires that are frequently used to determine and quantify degree of
respiratory symptoms in patients with COPD in clinical practice include the modified Medical
Research Council Dyspnoea Scale (nMRC), COPD assessment test (CAT), and St. Georges
Respiratory Questionnaire (SGRQ).**>2* The mMRC quantifies severity of dyspnoea through four
questions, whereas CAT quantifies severity of cough, sputum production, chest pain and/or

tightness, and dyspnoea through ten questions. According to the GOLD recommendations, mMMRC
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and CAT should be used for the assessment of symptoms in individuals with COPD for determining
disease severity and treatment guidance.* The SGRQ is more complex and includes approximately
50 questions on respiratory symptoms and their impact on quality of life. In the CGPS, mMRC was
introduced at cohort initiation, and CAT was introduced at the follow-up examination
approximately 10 years later. The SGRQ was not implemented as it is very time-consuming and
therefore not feasible to use in large-scale population-based cohorts, which simply will overshadow
other more relevant questions. There will also be a potential risk of a low response-rate with large

questionnaires.

Although these validated standardised questionnaires on respiratory symptoms are readily available
in clinical practice, they are unfortunately not very often used outside the field of respiratory
medicine. If, however, they somehow are used, it will not involve those with suspected or
undiagnosed COPD, e.g. individuals with smoking exposure complaining about dyspnoea, cough,
and phlegm. Importantly, we also included many unvalidated and unspecific respiratory symptoms

that are frequently encountered in the general population to make it more representative.

Smoking exposure

Information on smoking exposure in the CGPS was obtained from the questionnaire that included a
comprehensive string of questions on tobacco smoking, confirmed at the day of attendance by a
healthcare professional. All participants were asked whether they were current or former smokers,
age at smoking initiation and cessation, duration of smoking period, and current or former average
amount of consumed tobacco in the form of number of daily consumed cigarettes with/without
filters, cheroots, and cigars, and grams of weekly consumed pipe tobacco. Duration of smoking

period (for current smokers until baseline examination) and current or former average amount of
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consumed tobacco was used to calculate cumulative tobacco consumption in pack-years (one
cheroot=three grams of tobacco, one cigar=five grams of tobacco, and one gram of tobacco=one
cigarette): a pack-year was defined as 20 cigarettes or equivalent smoked daily for a year. Never-

smokers were individuals who reported that they had never smoked in their entire life.

Recall bias should be considered when age at smoking initiation and cessation needs to be
determined, which will inevitably affect the duration of smoking period and hence calculated
cumulative tobacco consumption. It may be too simple to quantify all years of smoking exposure
through an average amount of tobacco consumption. While most individuals will follow a regular
routine in their smoking behaviour, some will have periods with more and less consumption,
especially during periods with intermittent or persistent smoking cessation. Also, there may be
differences in how cigarettes are consumed, e.g. while some will smoke halfway before the
cigarette butts are thrown, others will smoke all the way down to the filter. Differences also include
presence and degree of inhalation while smoking. Although this simple approach may be prone to
recall bias and do not estimate smoking exposure more accurately, it is often used in the clinic and
accepted by most epidemiologists. It is important to note that we cannot determine the true smoking

exposure but only estimate and account for it in our analyses.

Separation of former from current smokers may also be a challenge, especially for individuals in a
smoking cessation phase. Risk of smoking relapse will be highest for individuals with recent
smoking cessation up to a year and gradually decrease over time. Another consideration is the group
known as occasional smokers, which can often be divided into social smokers, binge smokers, and
low-level smokers. These individuals will often not consider themselves as smokers, as a smoker in
their belief is characterised by a daily tobacco consumption. Also, some former smokers will

probably characterise themselves as never-smokers due to occasional smoking, lower tobacco
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consumption, and/or a smoking history of a very short duration often as an adolescent. Usually,
individuals with tobacco consumption less than 100 cigarettes in a lifespan are classified as never-
smokers. Although there will be a form of misclassification with regards to smoking status, we have
intentionally mostly relied on cumulative tobacco consumption to estimate life-time risk of COPD.
Since detailed questions were used to estimate average amount of tobacco consumption through
different types of tobacco, we also believe to have identified even individuals with very low

smoking exposure, i.e. those with tobacco consumption <5 pack-years.

Current smokers could be identified more properly through measurement of nicotine or cotinine
(the primary metabolite of nicotine) in blood, urine, saliva, or hair.3®> Measurement of cotinine is
mostly preferable, as it has approximately ten times longer half-life than nicotine.®® While non-
smokers have estimated cotinine blood concentration of <1 ng/mL, but sometimes in the range of 1-
10 ng/mL due to environmental tobacco smoke exposure, current smokers almost always have
estimated cotinine blood concentration >10 ng/mL and sometimes >500 ng/mL.3’ Cotinine can be
detected up to 10-14 days after the last cigarette consumption. Although this method seems optimal
for identifying active daily smokers with high tobacco consumption, it will still be prone to the
aforementioned misclassification of former smokers, occasional smokers, and smokers with low

tobacco consumption.

It is also relevant to take interviewer bias into account, as some healthcare professionals may be
influenced by the behaviour and appearance of some participants when reviewing their
questionnaires. However, regular assessment of the training was performed assuring standardisation
in collection of information. In addition, since multiple types of exposures are included in the
comprehensive questionnaire, the healthcare professionals are often unaware of which exposures we

are particularly interested in as well as which outcomes are used in our analyses. Questionnaires
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were also applied and reviewed before lung function measurement, thereby ensuring complete
blindness of presence or absence of airflow limitation for both the participant and healthcare

professional.

Clinical outcomes

Clinically relevant outcomes for individuals with COPD are many and not all of them can be
investigated in a population-based cohort. Selection of outcomes in the CGPS was based on
relevance, practicality, and viability as well as the importance for the patient with COPD and for the
clinician that treats patients with COPD. Burden of COPD can often be summarised by the
increased morbidity and mortality.** While all-cause mortality is often easy to define and determine,
morbidity may present some different challenges in clinical epidemiology. Morbidity measures
traditionally include physician visits, emergency department visits, and hospitalisations. Future
exacerbations and pneumonia were chosen as morbidity measures, as these outcomes are often
included in clinical trials with COPD and can be determined and estimated in a setting with Danish
nationwide health registries.®**? By combining the unique Central Person Registration number
obtained from the national Civil Registration System with information on other Danish nationwide
health registries such as the national Danish Patient Registry, Danish Causes of Death Registry, and
Danish Cancer Registry, every single individual in Denmark can be followed from birth or
immigration until death or emigration with elucidation of disease risk.%* Ascertainment bias will
therefore not be present in our investigations, since clinical outcomes were not obtained from the
participants, but instead from nationwide health registries blinded to lung function and other

relevant information.
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Future exacerbations and pneumonias

Information on future exacerbations and pneumonias was obtained from the national Danish Patient
Registry, which covers all public and private hospital visits in Denmark since its establishment in
1977 (including emergency department and outpatient visits since 1995).444¢ All acute emergency
department visits and hospitalisations due to exacerbation of obstructive lung disease (International
Classification of Diseases [ICD]-10: J41-J46) and pneumonia with the mentioned primary discharge
diagnoses were included. Thus, we were able to investigate time to first event as well as recurrent
events. Individuals were followed from baseline examination until November 10, 2014 or April 10,

2018; follow-up time was updated in the CGPS during our investigations.

Exacerbation of COPD (ICD-10: J41-J44) was sometimes separated from exacerbation of asthma
(ICD-10: J45-46) when the purpose was strictly to investigate individuals with COPD or clarify
COPD prognosis. However, younger individuals may not be diagnosed with exacerbation of COPD
during hospitalisation despite of having evidence of early or even clinical COPD, as this diagnosis
by medical doctors is usually reserved for middle-aged and older individuals. We therefore used
exacerbation of asthma to capture younger individuals with early COPD. Furthermore, since asthma
may precede and contribute to the risk of developing COPD,® it would only be logical to also

include exacerbation of asthma.

Since a publicly financed healthcare system covering both primary and secondary healthcare
services is offered to all individuals living in Denmark, everybody has equal access to healthcare,
thereby eliminating or reducing selection bias in the CGPS.#’ The national Danish Patient Registry
contains administrative information such as date and type of hospital visit and medical information
such as diagnoses and surgical procedures.***® Diagnoses are reported by medical doctors

according to national Danish laws using the World Health Organization (WHO) ICD-codes. Since
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follow-up is done by combining the national Danish Patient Registry with the national Danish Civil
Registration System through the unique Central Person Registration number provided to everyone
at birth or immigration, no individual is lost to follow-up, and individuals who emigrate will be

censored at the date of emigration.

All individuals in Denmark have been affiliated with a general practitioner. We only had the
opportunity to investigate emergency department visits and hospitalisations and have thereby
omitted general practitioner visits. While severe exacerbations and pneumonias will be captured
with the present approach, mild or even moderate will not. Mild or moderate exacerbations and
pneumonias will likely lead to general practitioner visits only, which typically will end up with
prescription of systemic oral corticosteroid with/without antibiotics without any form of hospital
visits. Only those patients that do not respond to the original treatment ordered by the general
practitioner, or patients that have been assessed by the general practitioner to be a severe case that
will need some form of complex intervention will be referred to the hospital. Although it would
have been a further strength to include mild or moderate exacerbations and pneumonias, it could
also be considered as a potential weakness. Due to certain limitations in their clinical practice, such
as no or limited access to venous blood sampling, arterial blood gas analysis, or chest
radiography/computed tomography (CT) like in a hospital setting, general practitioners very often
rely on their clinical assessment alone and are forced to make a quick diagnosis. In this setting, a
certain proportion of diagnostic errors or misclassifications are to be expected on a busy daily basis.
By restricting to very severe exacerbations and pneumonias, as we did by only investigating
emergency department visits and hospitalisations, where common necessary clinical information
should be present to sustain a high diagnostic accuracy, we will be reducing degree of
misclassification. Misclassification, however, cannot be eliminated completely, as we are operating

with clinical diagnoses and must accept the premise that there will be individual variations by
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medical doctors in their assessment of patients. To reduce such misclassifications, we have
deliberately only chosen primary discharge diagnoses. All medical doctors have access to all the
necessary clinical information of the entire hospitalisation during discharge and therefore have the

optimal terms to determine and confirm the diagnosis.

It may sometimes be a challenge to differentiate between exacerbation and pneumonia. A
pneumonia may cause a patient to exacerbate and should therefore be chosen as the underlying
cause for hospitalisation.*® However, the pneumonia diagnosis can sometimes not be verified due to
an obscured chest radiography or a negative microbiology.*® Inflammatory biomarkers in the blood
may be increased during an exacerbation with or without presence of pneumonia, which
complicates it even further.>®>2 A chest CT may help in clarifying the diagnosis. All necessary tests
can be ordered by the medical doctors in order to clarify the diagnosis, since all individuals in
Denmark have equal access to the healthcare system free of charge. By only including the primary
discharge diagnosis and not the secondary as well, we were able to investigate exacerbations and
pneumonias separately in our analyses both as time to first event as well as recurrent events, where
results were similar. Although it would be suspected that individuals with a previous COPD
diagnosis may be more likely to receive an exacerbation diagnosis instead of pneumonia, the
majority of individuals with COPD are undiagnosed, as reported in the CGPS.? Thus, we believe
that misclassification due to a previous COPD diagnosis is unlikely, and if present, it likely will be
non-differential biasing towards the null-hypothesis as lung function measurement and other

exposure variables are collected blinded to morbidity diagnoses.
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Mortality

Information on vital status was obtained from the national Danish Civil Registration System, which
is 100% complete and contains date of death for all residents in Denmark.”® Information on cause
of death was obtained from the national Danish Causes of Death Registry, which contains main and
contributory causes of death for all residents in Denmark since its establishment in 1875. Prior to
2007, a limited number of specially trained coders under the supervision of medical doctors of the
Danish National Board of Health coded the national Danish Causes of Death Registry based on
medical information from death certificates in accordance to WHO rules and ICD-codes. Since
2007, only medical doctors that have verified the death and issued the death certificates with
indication of main and contributory causes of death have coded the national Danish Causes of
Death Registry. Death due to respiratory disease or respiratory mortality (ICD-10: J00-J99) was
based on the main cause of death. Individuals in the CGPS were followed from baseline
examination until November 14, 2014 or April 19, 2018 for all-cause mortality, and until January 1,
2013 or December 31, 2016 for respiratory mortality. Since the national Danish Causes of Death
Registry lags the national Danish Civil Registration System by approximately one year due to

certain limitations in the system, not all deaths could be classified by cause.

All-cause mortality is a very precise and validated clinical outcome in Denmark. All individuals
living in Denmark are registered in the national Danish Civil Registration System with their unique
Central Person Registration number, and there will be no form of misclassification nor losses to
follow-up when all-cause mortality is determined. In contrast, some misclassification would be
expected with cause-specific mortality, as individual variations may arise despite of presence of
similar medical information, when coded by different doctors. This may be complicated further by

an autopsy-rate of <5% in Denmark.>* To reduce degree of misclassification, we only used main
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underlying cause. We chose death due to respiratory disease, as COPD has been shown to be
underreported on death certificates in the national Danish Causes of Death Registry.>® In fact,
COPD as a main cause of death seems to have increased for the last two decades not only in
Denmark but worldwide, which is believed to be due to improved diagnostics and special focus on
COPD, especially with the establishment of GOLD in 1997 in collaboration with the National
Heart, Lung, and Blood Institute (NHLBI), National Institutes of Health (NI1H), and WHOQ.%
However, despite of being one of the most frequent causes of death, respiratory disease in general is
underreported compared to cardiovascular disease and cancer.> Therefore, we expected that
respiratory mortality had a high specificity but low sensitivity. This meant that when risk estimates
were significant, we were certain about the findings, but when risk estimates were non-significant,
we could not completely rule-out a potential finding. Results showed that respiratory mortality had
comparable risk estimates as those for exacerbation, pneumonia, and all-cause mortality but
sometimes did not reach statistical significance, especially in additional subgroup- and sensitivity

analyses, where we were challenged by statistical power.

Covariates

Information on covariates was obtained from different sources including the questionnaire, physical
examination, biochemical analyses, and nationwide Danish health registries. Covariates were
typically used to determine characteristics of clinical groups and/or were considered as additional
risk factors and included in multivariable adjusted analyses as potential confounders. Some

covariates had importance in additional subgroup- and sensitivity analyses.

Date of birth and sex were obtained from the national Danish Civil Registration System, which

should be precise and not prone to bias. Information on different lifestyle-related risk factors were
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available, including body mass index (BMI), blood pressure, alcohol consumption, and physical
activity. BMI was calculated as measured weight divided by measured height squared (kg/m?).
Systolic and diastolic blood pressures were measured using automated equipment. Alcohol
consumption included all different forms of alcoholic beverages reported in units per week and
converted to grams (1 unit = 12 g of alcohol). Physical activity was reported as hours per week and
degree of activity during leisure-time. Socioeconomic status was based on level of education,
reported as years attending school or longest acquired education after school, and income, reported
as annual household income. Blood biochemistry was measured using standard hospital assays and
included among others blood leukocytes, blood neutrophils, blood eosinophils, plasma high-
sensitive C-reactive protein, plasma fibrinogen, plasma al-antitrypsin, plasma cholesterol, and
plasma glucose. Fever or infection within the past 4 weeks was if individuals reported fever,
bronchitis, or urinary tract infections up to 4 weeks before the day of enrolment. Episodes of acute
bronchitis and/or pneumonias in the last 10 years, and general practitioner visits in the past 12
months were self-reported. Familial predisposition for asthma was at least one first degree relative
with asthma, i.e. father, mother, and/or sibling. Childhood asthma, hay fever, or eczema was self-
reported as a single question. Allergy was asthma, hay fever, and/or eczema as a reaction to food,

medication, grass, flower, animal hair, and/or other allergens, reported in the questionnaire.

Misclassification due to measurement errors may arise in different steps of the physical examination
and blood sampling and biochemical analyses, which will usually be non-differential biasing
towards the null-hypothesis. However, standardisation, validation, and routine assessment of
healthcare professionals training as well as routine calibration of equipment in the CGPS have
likely minimised measurement errors. Biochemical analyses were also subjected to daily precision
testing by using internal quality control material and monthly accuracy testing by using an external

quality control programme to avoid or reduce measurement errors. Nonetheless, misclassification
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due to recall bias should be expected when using self-reported information from the questionnaire.
It may sometimes be difficult for individuals to remember, such as numbers, durations, or
exposures. However, since all participants in the CGPS were subjected to the same questionnaire
without any form of selection criteria, recall bias in such instances will apply to all participants and
therefore be randomly distributed due to the random sampling. Individuals in the CGPS also
completed the questionnaire before onset of clinical outcomes and were unaware of the purpose of
our investigations, we therefore believe that misclassification has likely been non-differential and

should only bias towards the null-hypothesis for later development of morbidity or mortality.

Comorbidities included cardiovascular disease, diabetes, and cancer. Information on cardiovascular
disease was obtained from the national Danish Patient Registry and included inpatient and
outpatient hospital visits due to ischaemic heart disease (ICD-8: 410-414 and ICD-10: 120-125),
stroke (ICD-8: 432-435 and ICD-10: 160, 161, 163-164, G45), heart failure (ICD-8: 427.09-427.11
and ICD-10: 150), and atrial fibrillation (ICD-8: 427.93-427.94 and ICD-10: 148). Denmark used
the ICD-8 until January 1, 1994 and proceeded directly to ICD-10 hereafter. Information on
diabetes was based on self-report including use of anti-diabetic medication, non-fasting plasma
glucose >11 mmol/L, and/or inpatient and outpatient hospital visits from the national Danish Patient
Registry (ICD-8: 249-250 and ICD-10: E10-E14). Information on cancer was obtained from the
national Danish Cancer Registry, which records all cancer forms in Denmark since 1943.°758
Cancer included both a history of cancer and active cancer (ICD-7: 140-205 and ICD-10: COO0-
D09). Non-melanoma skin cancers were excluded, as these are frequent and likely have a distinct
aetiology from other cancer forms. Cancer diagnoses in the national Danish Cancer Registry are
reported by medical doctors, require pathological confirmation, and are categorised based on
location and histological examination by a trained pathologist using the WHO ICD-codes according

to national Danish laws.
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Cardiovascular disease identification in the national Danish Patient Registry has shown high
validity before.*® The national Danish Cancer Registry includes all cancer forms ever diagnosed in
Denmark fully validated with relevant pathology.>’*® Misclassification due to cardiovascular
disease and cancer should therefore be of minor importance. However, since diabetes may be less
represented in the national Danish Patient Registry, we had to identify individuals with diabetes
from different sources thereby reducing degree of misclassification. Comorbidities were primarily

used as potential confounders in our investigations.

Occupational exposure was reported as longer periods of exposure to dust/fumes during working
life. Environmental tobacco smoking was reported as exposure to passive smoking in hours per day.
Although occupational and environmental exposures could be identified more systematically by
using validated questionnaires to reduce recall and other sources of bias, the covariates were mostly
included due to convenience of being available. Detailed questionnaires on occupational and
environmental exposure would overshadow other more relevant questions and not be feasible to

apply in large-scale population-based cohorts and would also increase risk of a low response-rate.

Treatment with airway medication included any kind of medication for asthma and/or bronchitis
daily or almost daily (including sprays and dry powder inhalers). Information on treatment could
have been obtained from different more reliable sources such as the national Danish Registry of
Medicinal Product Statistics, which records all prescriptions dispensed in pharmacies in Denmark
since 1994.5%€0 Thys, it would be possible to determine type of airway medication, e.g. whether it is
a short-or long-acting beta-2-agonist or inhaled corticosteroid. Although it would have been an
advantage to use the national Danish Registry of Medicinal Product Statistics as a source, we would
only have been able to determine treatment adherence but not compliance, that is, patients may

dispense their prescription regularly but perhaps not take their medication on schedule as
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prescribed. In our investigations, we used lack of treatment with airway medication in the
identification of undiagnosed individuals with COPD, which may have introduced some
misclassification that could have been avoided by using prescriptions for COPD medication instead.
Nonetheless, previous hospital visits with COPD were also used in order to ensure a correct
diagnostic status. Since we observed a similar proportion of underdiagnosed individuals with COPD
as in a large international survey,5! we believe to have estimated prevalence and prognosis of

undiagnosed COPD well.

Asthma had a value of being a characteristic, risk factor, and potential confounder and is therefore
also discussed in this section. Asthma was based on self-report and/or inpatient and outpatient
hospital visits from the national Danish Patient Registry (ICD-8: 493 and 1CD-10: J45-J46). Since
most patients with asthma are often followed in general practice, we therefore relied mostly on self-
reported information. In order to capture the most severe cases, we have also used previous hospital
contacts due to asthma. Although a more clinically valid way of identifying individuals with asthma
would be preferred such as presence of reversible/variable lung function or airflow limitation and/or
airway hyperresponsiveness as recommended by the Global Initiative for Asthma (GINA),* this is
not feasible in large-scale population-based cohorts such as the CGPS. However, self-reported
asthma has been shown to have high specificity and sensitivity in identification of individuals with
asthma in population-based cohorts.®263 Individuals with asthma also had to report duration of
asthma, which we used to validate their diagnosis further. Nonetheless, we still must be aware of
circumstances, where some individuals will identify themselves wrongfully with or without asthma.
Some individuals despite absence of asthma may still identify themselves as such, e.g. by
displaying well-known symptoms of asthma and having close relatives with asthma diagnosis
complaining about the same symptoms. In contrast, some individuals, despite of being on treatment

for asthma, may not identify themselves as a patient with asthma, e.g. due to distrust in the general
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practitioner’s asthma diagnosis or is being exposed to an empirical treatment to confirm an asthma
diagnosis. Such misclassifications likely will be non-differential and bias towards the null-

hypothesis.

Statistical analysis

All statistical analyses were performed using STATA/SE 13.1 for Windows (StataCorp, College

Station, Texas, US). A two-sided P-value <0.05 was chosen to indicate statistical significance.

Group comparison

All clinical group comparisons of characteristics, risk factors, and/or potential confounders at
baseline and final examination were investigated using Wilcoxon’s rank-sum (alternatively Mann-
Whitney), Pearson’s chi-squared, and Fisher’s exact tests as appropriate.®*®® Wilcoxon’s rank-sum
test is non-parametric that was used to compare a continuous variable of two independent groups
without having to assume a normal distribution. Pearson’s chi-squared test was used to compare
frequency of two independent groups, but Fisher’s exact test was used in situations with small
frequencies, where the number in each cell was <5 individuals.®* However, statistically significance
did often not change when using Fischer’s exact instead of Pearson’s chi-squared test. The
downside to using non-parametric tests is that differences between groups were not quantified,;

however, summary data was presented for inspection alongside P-values.

73



Linear- and logistic regression

Since age differed substantially between some of the clinical groups during our investigations, we
had to use multiple linear- and logistic regression models to account for it in the comparison of
characteristics, risk factors, and/or potential confounders at the baseline examination, which would
not be possible using Wilcoxon’s rank-sum, Pearson’s chi-squared, or Fisher’s exact tests. While
multiple linear regression models were additionally used to obtain reference equations for FEV1,
FVC, and FEV1/FVC in the CGPS, so the predicted values and LLN could be calculated, logistic
regression models were additionally used to determine risk of clinical COPD from baseline to final

examination.

A multiple linear regression model assesses the association between a continuous dependent
variable against continuous and categorical independent variables by a linear function, where the
least-squares method is used to fit the best model to the observed data.5%¢ Assumptions include
normal distribution of residuals, constant variance (homoscedasticity), and linearity between
dependent and independent variables. Assumptions were investigated by visual inspections of
scatter plots of dependent versus independent variables and its residuals and inclusion of quadratic
terms to test for non-linearity. Logarithmic transformation was sometimes used in order to obtain a

normal distribution.

A multiple logistic regression model uses a similar approach as a multiple linear regression model,
but the dependent variable is dichotomous and assumptions such as normal distribution or
homoscedasticity are not required; however, continuous independent variables still need to display
linearity on a log-scale.®+%¢ Another assumption is also complete follow-up time and negligibility of

time-to-event as it only uses information on cumulative incident during a fixed time-period.
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However, these assumptions are often not met, which often requires use of other sophisticated

models better suited for accounting for time-to-event such as survival analysis.

Survival analysis

Risk of future exacerbations, pneumonias, and mortality was investigated using survival analysis

with a Kaplan-Meier estimator and Cox proportional hazard function.

Kaplan-Meier estimator determines probability of survival or failure (1-survival function) in a given
length of time.®4® Survival or failure probability was displayed graphically against analysis time,
and group differences or trends was assessed with a log-rank test. While we were able to determine
cumulative incidence for all-cause mortality with this approach, we were not be able to determine
cumulative incidence for exacerbations or pneumonias due to competing events and risks. Age was
used as analysis time and hence underlying timescale. Although it is usually recommended to use
study entry as a timescale when exposures can be defined at a certain time-point such as at baseline
examination, e.g. in randomised controlled trials, age is a more appropriate timescale in population-
based cohorts, as it is a timescale associated with the largest changes in risk. Time of entry does not
necessarily define any clinically or biologically important event. Choosing age as an underlying
timescale will automatically include age as an adjustment and will also account for delayed time-

entry at study examination (left truncation).*?

Cox proportional hazard function uses semiparametric estimation and determines risk of an
outcome by taking time-to-event into account and displays the risk estimates as hazard ratios.54-5
No assumption is made on the value or shape of the baseline hazard (no intercept as opposed to a

logistic regression model), but independent variables need to display a linear relationship with
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outcome on a log-scale (similar to a logistic regression model). Another assumption is that the risk
estimates need to be constant over the observation period, known as the proportionality assumption,
.. the risk estimate for exposed individuals has to equal the risk estimate for unexposed individuals
(also known as the baseline risk estimate) multiplied by a constant factor at any given time-point
during follow-up. Such an assumption is needed in order to determine one risk estimate for the
whole observation period. A violation of this assumption may imply an interaction between time
and event (effect modification) and hence time-varying risk.2 Proportionality assumption was
investigated by visual inspections of log-log plots, Schoenfeld residuals, and Kaplan-Meier
observed survival curves versus Cox predicted curves, and we did not observe any major violations

during our investigations.®4%°

Single- and multiple-failure time analyses were used with the extended Cox proportional hazard
function. Individuals with COPD typically experience multiple events of exacerbation and
pneumonia. Thus, after the occurrence of an event, these individuals will be at risk of the same
event later on. Multiple-failure time analysis can therefore be used in order to estimate risk of
recurrent events. To avoid counting a single event of exacerbation and pneumonia multiple times,
we chose that hospitalised individuals during follow-up had to be clinically stable for at least 4
weeks after discharge before they could be considered at risk for a subsequent event. Among the
different methods of multiple failure-time analysis, we chose the Andersen-Gill approach.®” An
important assumption of Andersen-Gill is that all failures are equal or indistinguishable, and it does
not allow more than one event to occur at a given time-point. As a sensitivity analysis, we always
carried out single-failure time analyses to investigate differences in risk estimates, and results were
often similar. Marginal mean/rate approach was also used and showed similar results.%® When

Andersen-Gill approach does not contain time-dependent covariates, as it did during our
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investigations, risk estimates are similar with the marginal means/rates approach.®® Single failure-

time analysis was used to investigate risk of mortality, as an individual can only die once.

Competing risk

Risk of future exacerbations and pneumonias were investigated in a setting with competing risks,
where all-cause mortality and emigration were considered as competing events. Competing events
are seldomly uncorrelated with the outcome of interest, which is also the reason for not treating
them as usual censorings.®>®° Competing risk analysis was used to estimate risk and cumulative
incidence of exacerbations and pneumonias according to the Fine-Gray approach.” Fine-Gray uses
semiparametric estimation that is a direct analogue to Cox proportional hazard function, but the risk
estimate is displayed as subdistribution hazard ratios (subhazard ratios) in the presence of
competing events. It is important to note that a subhazard hazard ratio is not the same as a hazard
ratio and can therefore not be considered equivalent. Risk estimates denote the relative change in
the rate of the occurrence of an outcome in individuals that have not yet experienced the outcome of
interest but may instead have experienced a competing event. Since multiple failure-time analysis
does not work with Fine-Gray, we instead used single failure-time analysis. An advantage with
Fine-Gray is that risk and cumulative incidence can be determined with or without adjustment for
potential confounders. Nonetheless, cumulative incidence was also determined according to the
Coviello-Boggess approach, a form of nonparametric estimation, and differences were assessed
using Pepe-Mori.”""? Coviello-Boggess is analogue to Kaplan-Meier but in a setting with

competing events.
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Predictive value and capability

Prediction of disease or prognosis has always been regarded as an essential part in medical research.
Different available statistical approaches were used to investigate predictive value and capability

during our investigations, depending on the purpose and study design.

Accuracy for clinical COPD at final examination was determined by estimating sensitivity,
specificity, and positive- and negative predictive values for individuals with and without early
COPD at the baseline examination.®**"* Hereafter, the predictive capability and discriminative
accuracy were investigated by determining area under the curve (AUC) for the receiver operating
characteristics (ROC).” While sensitivity (true positive rate) and specificity (true negative rate) can
be used for rule out and rule in algorithms in clinical practice, proper usefulness can only be
determined through predictive values, which are dependent on the prevalence of the disease in a
given population; higher prevalence will increase the positive predictive value, i.e. likelihood of
presence of clinical COPD when test is positive, but instead lower the negative predictive value, i.e.
likelihood of absence of clinical COPD when the test is negative. A compromise should always be
considered between sensitivity and positive predictive value versus specificity and negative

predictive value.

Harrell’s C statistic was instead used to determine the predictive capability and discriminative
accuracy for future exacerbations and mortality during follow-up, as this is a goodness-of-fit

measure for predictive models with time-to-event or censoring.’®"’

It is important to note that our analyses for predictive capability and discriminative accuracy were
not complete as many different measures to investigate performance of prediction models could be

used such as net reclassification index, integrated discrimination index, and decision curve
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analysis.” Furthermore, it cannot be used in a clinical setting, as this will require additional testing

and validation in different populations with associated calibration.

Confounding

Confounding is when a spurious association between the dependent and the independent variable
arises due to a third variable, the confounder, that is associated with both the dependent and the
independent variables. Potential confounders were selected a priori as those that may confound an
association between COPD-related exposure variables and clinical outcomes based on previous
literature and clinical and epidemiological knowledge. Confounding was assessed in three different
ways: (i) by investigating the association between potential confounders with early undiagnosed
COPD (or its components lung function, symptoms, and smoking exposure) and clinical outcomes,
i.e. future exacerbation, pneumonia, and mortality, (ii) by investigating the association between
early undiagnosed COPD and clinical outcomes in stratified analyses with potential confounders,
and (iii) by investigation the association between early undiagnosed COPD and clinical outcomes
before and after adjustment for potential confounders.'? It is important to note that with these
approaches, we can only account for known and measured but not unknown or unmeasured

confounders.

Consequences upon adjustment with confounders may be overestimation or exaggeration of the
association (thereby having a positive effect), underestimation or attenuation (negative effect), or
change the direction of the association (qualitative effect).'? It is therefore crucial to compare risk
estimates from crude analyses (unadjusted or only age and sex adjusted) with those from
multivariable adjusted analyses. Large discrepancies could reveal some of these effects.

Furthermore, this approach would also reveal potential residual confounding and over-adjustment.
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Residual confounding may arise due to improper definition of a confounder, the confounder is not a
suitable surrogate for what is intended to adjust for, omission of confounders, and/or
misclassification within confounders. Over-adjustment typically arises due to the confounder being
in the causal pathway and is a mediator instead, or the confounder is very strongly associated with
exposure or outcome of interest. During our investigations, we did not observe large discrepancies
between risk estimates from crude and multivariable adjusted analyses suggesting less importance

of residual confounding and over-adjustment.

Interaction

Interaction (effect modification) was assessed according to Wald’s or likelihood-ratio test and in
additional subgroup- and sensitivity analyses. Interaction was assessed in two different ways: (i) by
investigating the association between early undiagnosed COPD and clinical outcomes stratified on a
potential effect modifier (homogeneity), and (ii) by investigating presence of discrepancy between
observed and expected combined effects of the effect modifier with early undiagnosed COPD in the
association with a clinical outcome.'? It is important to note the difference between confounding
and interaction. Confounding creates a non-existing association, whereas interaction modifies a true
association. An effect modifier may have a synergistic or an antagonistic effect on the association
between exposure and outcome. While a synergistic effect strengthens an association, an
antagonistic effect diminishes or eliminates an association. During our investigations, interaction
analyses were carried out as part of additional subgroup- and sensitivity analyses but also from a
priori hypotheses based upon biological plausibility to prevent heterogeneity due to random
variation, confounding, or bias. Interaction was also sometimes assessed based on requests during

peer review processes.
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Missing values

Since we had >99% completeness in obtained information, missing values have fortunately not
been a major issue during our investigations, but we still accounted for missing values in order to
obtain 100% completeness. Overall, missing values can be divided into: (i) missing completely at
random (MCAR), (ii) missing at random (MAR), and (iii) missing not at random (MNAR).%®
Missing values in MCAR are independent of measured and unmeasured variables and assumed to
be occurring completely by chance. Missing values in MAR is dependent on or can be accounted by
measured variables. Missing values in MNAR is dependent on unmeasured variables. While we
cannot account for MNAR, as we do not have access to unmeasured variables, we can certainly
account for MCAR and MAR through various types of analytical approaches. It is important to note
that since we do not have access to unmeasured variables, we can basically not determine type of
missing values and therefore need to assume that we have MCAR and/or MAR for measured
variables. Since we assumed some sort of randomness in the missing values, we chose to perform
multivariate imputation using chained equations to fill out missing values; however, results were
similar without the use of imputation, suggesting that missing values have less importance as a

source of bias during our investigations.
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