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ABSTRACT 

Chronic obstructive pulmonary disease (COPD) is one of the most under-diagnosed 

chronic diseases. Its burden is mostly attributable to exacerbations, acute events of worsened 

symptoms that lead to disease progression as well as significant morbidity and mortality. As 

many individuals remain undiagnosed, exacerbations are simply treated as acute events by 

healthcare providers. Through lack of proper disease management, these individuals will continue 

to experience exacerbations, and as disease progresses, will become susceptible to many 

comorbid conditions. Cardiovascular (CV) comorbidity is the second cause of death among 

COPD patients. However, some determinants of increased CV risk could be mediated using 

specific interventions. An important common link between CV disease and COPD is enhanced 

inflammation. As such, inflammatory mediators are attractive targets for modulating CV risk in 

COPD.  

 

The purpose of this thesis was to evaluate the wide range of impacts of COPD exacerbations, 

from population burdens, to CV risk, to inflammation in subjects representing different stages of 

disease using a translational research approach.   

 

Two research projects were carried out to address this objective. The first consisted of an analysis 

of exacerbation-like respiratory events among subjects with undiagnosed and previously 

diagnosed COPD, embedded within an existing population based cohort study called Canadian 

Cohort Obstructive Lung Disease (CanCOLD). Exacerbation-like respiratory events were 

measured in these subjects using a questionnaire administered every three months. Differences in 

the characteristics of subjects with undiagnosed and diagnosed COPD were assessed, as well as 

those associated with reporting exacerbation-like respiratory events. The proportion of subjects 



 ix 

reporting events and odds of using health services were also compared. The second was a local 

study of diagnosed COPD patients hospitalized for exacerbations, who have advanced disease 

and elevated CV risk. A measure of arterial stiffness, carotid-femoral pulse wave velocity (cf-

PWV), and powerful predictor of CV events, was measured sequentially in these patients, as well 

as several inflammatory mediators and other clinical variables. The associations between these 

were determined over time.  

 

In the CanCOLD cohort, subjects with undiagnosed COPD had milder symptoms, better lung 

function and less functional impairment compared to diagnosed subjects. However, lower health-

related quality of life was associated with reporting exacerbation-like respiratory events in both 

groups of subjects. Although the proportion of subjects reporting these events was lower among 

undiagnosed subjects, health service utilization was similar to that of diagnosed subjects. Within 

the local study, several important predictors of increased cf-PWV over time were identified, 

including decline in lung function and subsequent exacerbations. Additionally, club cell (CC)-16, 

a lung-specific inflammatory mediator was identified as a determinant of changes in cf-PWV and 

exacerbation frequency over time. Moreover, RelB, a nuclear factor (NF)-κB family member and 

mediator of pulmonary inflammation, was identified as a potential novel mediator of CV function 

in COPD patients. 

 

This thesis demonstrates that, at the populational level, many subjects are not diagnosed for their 

COPD, but experience exacerbation-like respiratory events that result in a much greater 

utilization of health services than previously thought. With regards to CV morbidity, several 

novel predictors of arterial stiffening were identified; some of these representing potentially 

modifiable targets. CC-16 was identified as an important novel inflammatory link between 



 x 

pulmonary function and CV function in COPD patients. Consequently, the results of this thesis 

describe the wide range of impacts of exacerbations from populational burdens to inflammation.   
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RÉSUMÉ 

La maladie obstructive pulmonaire chronique (MPOC) est une des maladies chroniques 

les plus sous-diagnostiquées. Son impact est surtout attribuable aux exacerbations, des épisodes 

aigus de symptômes aggravés, qui font progresser la MPOC et contribuent à sa morbidité et 

mortalité. Plusieurs individus atteints ne sont pas diagnostiqués et leurs exacerbations traitées 

simplement comme épisodes aigus. Ainsi, celles-ci continuent, et à mesure que la MPOC 

progresse, ces individus deviennent susceptibles à d’autres comorbidités. Les maladies 

cardiovasculaires (CV) sont la deuxième cause de décès chez les patients MPOC, mais certains 

déterminants du risque CV élevé seraient contrôlables par des interventions appropriées. Un lien 

important entre les maladies CV et la MPOC est l’inflammation. Les médiateurs de celle-ci 

représentent donc des cibles attrayantes pour la modulation du risque CV. 

L’objectif de cette thèse fût d’évaluer les impacts des exacerbations de la MPOC; des fardeaux 

populationnels, au risque CV, à l’inflammation, chez les sujets représentant différents stages de la 

MPOC, en utilisant une approche de recherche translationnelle.  

Deux projets de recherche furent entrepris dans ce but. Le premier consistait en une analyse des 

épisodes respiratoires similaires aux exacerbations chez les sujets ayant une MPOC non-

diagnostiquée ou diagnostiquée, utilisant l’étude à base d’échantillonnage populationnelle 

existante “Canadian Cohort Obstructive Lung Disease (CanCOLD)”. Ces épisodes furent 

mesurés tous les trois mois avec un questionnaire. Les différences entre les caractéristiques des 

sujets non-diagnostiqués et diagnostiqués furent évaluées, ainsi que celles associées avec le 

signalement ou non d’épisodes respiratoires. La prévalence des épisodes ainsi que la probabilité 

d’utiliser des soins de santé furent comparées. Le deuxième projet était une étude locale chez les 



 xii 

patients diagnostiqués et hospitalisés pour une exacerbation, qui avaient une maladie avancée et 

un risque CV élevé. La rigidité artérielle, correspondant à la vitesse de l’onde de pouls carotide-

fémorale (VOP-cf), un indicateur puissant d’épisodes CV, fût mesurée séquentiellement chez ces 

patients, avec certains marqueurs inflammatoires et variables cliniques. Les associations 

temporelles entre ces facteurs furent évaluées. 

Les sujets non-diagnostiqués de CanCOLD avaient des symptômes moins graves, une meilleure 

fonction pulmonaire et une moindre déficience fonctionnelle que les sujets diagnostiqués. Par 

contre, une diminution de qualité de vie due à la santé était associée au signalement d’épisodes 

respiratoires chez tous les sujets. Malgré que leur prévalence fût plus basse chez les sujets non-

diagnostiqués, l’utilisation des services de santé était similaire entre les groupes. Dans l’étude 

locale, des prédicteurs d’augmentation temporelle de la VOP-cf furent identifiés, dont la perte de 

fonction pulmonaire et l’occurrence ultérieure d’exacerbations. De plus, club cell (CC)-16, un 

médiateur d’inflammation pulmonaire fût identifié comme déterminant des changements au 

niveau de la VOP-cf et de la fréquence d’exacerbations. RelB, un membre de la famille NF-κB et 

médiateur d’inflammation pulmonaire, fût identifié comme nouveau médiateur potentiel de 

fonction CV chez les patients MPOC. 

Cette thèse démontre qu’au niveau populationnel, plusieurs sujets ne sont pas diagnostiqués avec 

la MPOC, mais éprouvent des épisodes respiratoires qui résultent en l’utilisation de plus de 

services de santé que l’on pensait auparavant. En ce qui concerne la morbidité CV, des nouveaux 

prédicteurs d’augmentation de la rigidité artérielle furent identifiés; dont certains pourraient être 

contrôlés par des interventions. Le médiateur CC-16 fût identifié comme un nouveau lien 

inflammatoire entre les fonctions pulmonaire et CV. En conclusion, les résultats présentés dans 
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cette thèse décrivent la gamme étendue des impacts de l’exacerbation du fardeau populationnel 

jusqu’à l’inflammation.  
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PREFACE 

 

 It can be said that the ultimate purpose of biomedical and clinical research is to apply 

novel scientific discoveries to the development of new approaches for the prevention, diagnosis 

and treatment of disease [1]. Having adopted a “bench to bedside” approach has led to many such 

advancements in medicine, and has resulted from a process known as translation [2]. Translation 

describes a conversion of knowledge through different fields of research spanning basic or 

“fundamental” science all the way to public health and vice versa [2]. Although the concept of 

translation is relatively longstanding [3], it has only recently become a central focus of much 

health research, where it may serve as a bridge for knowledge gaps.  

 

One of the major goals of the projects constituting this doctoral thesis was the adoption of a 

translational approach to research. In this attempt, I may not have developed as deep an 

understanding on a single subject matter as others during their PhD. However in contrast, I had 

the unique opportunity and privilege of gaining a profound understanding of the totality of 

chronic obstructive pulmonary disease (COPD) as a disease and of studying its impacts from 

inflammation to population-wide burdens.  

 

This thesis was prepared according to the McGill University rules for a manuscript-based thesis. 

It also satisfies the requirements of translational research, whereby its content range from the 

broad healthcare burdens of COPD on the population at large in Canada, to the systemic 

consequences of COPD as they pertain to cardiovascular and inflammatory outcomes in subjects 

with severe disease. It consists of four manuscripts that address important translational research 

topics related to exacerbations of COPD: 1) impacts of exacerbations on subjects with 

undiagnosed COPD selected from the general population, 2) predictors of increased arterial 
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stiffness, a predictor of cardiovascular (CV) risk, during and subsequent to exacerbations in 

subjects with advanced COPD, 3) discovery of a novel inflammatory marker of CV outcome at 

exacerbation, and 4) evaluating the relationship between lung-specific inflammatory mediators 

and of a novel marker of CV outcome, with arterial stiffness during and subsequent to 

exacerbations in subjects with advanced COPD.  

 

Thesis composition and manuscripts overview  

Chapter 1 is a brief introduction of the research background and research questions that 

are addressed in my thesis. Chapter 2 provides a comprehensive literature review, discussing the 

problems associated with COPD exacerbations, as well as their inflammatory and CV 

consequences. Chapter 3 summarizes the rationale, objectives and hypotheses of my thesis. 

Chapter 4 describes the populations and designs of the two studies from which the following 

manuscripts were written.  

 

Chapters 5 to 8 include the manuscripts, which constitute my thesis. They are organized as 

follows: title page, abstract, introduction, methods, results, discussion, acknowledgements, tables 

and figures.  

 

Chapter 5 constitutes an analysis of data from the existing population-based Canadian Cohort 

Obstructive Lung Disease (CanCOLD). It consists of the manuscript entitled “Exacerbations in 

undiagnosed chronic obstructive pulmonary disease greatly impact use of health services: The 

CanCOLD Study”. This is the first study to assess the proportion of undiagnosed subjects 

reporting exacerbation-like events in a population-based cohort, the factors associated with 

reporting these, and medication and/or health service utilization, and to compare them to those of 
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subjects who received a previous physician diagnosis of COPD. As such, this reflects the impacts 

of exacerbation-like events in milder, asymptomatic and untreated subjects. This article is in 

submission to the European Respiratory Journal. 

 

Chapters 6-8 are based on a local study on exacerbations and the course of change in 

inflammatory and CV outcomes over time. It focuses on subjects with previously diagnosed, 

advanced COPD, who experience severe exacerbations that require hospitalization. This reflects 

the detrimental impacts of exacerbations once disease has progressed and subjects have become 

severely impaired, very symptomatic and are being treated for their disease.  

 

Chapter 6 consists of the manuscript entitled “Longitudinal predictors of increased arterial 

stiffness during COPD exacerbations and recovery”. This is the first study to examine the 

longitudinal predictors of increases in carotid-femoral pulse wave velocity (cf-PWV), a 

measurement of arterial stiffness in COPD patients during and subsequent to an exacerbation. 

This article is in submission. 

 

Chapter 7 consists of the manuscript entitled “Alterations in the Expression of the NF-κB Family 

Member RelB as a Novel Marker of Cardiovascular Outcomes During Acute Exacerbations of 

Chronic Obstructive Pulmonary Disease”. This is the first study to examine the role of RelB in 

COPD. This article has been published by PLoS One; 2014; 9(11): e112965.  

 

Chapter 8 consists of the manuscript entitled “Club cell-16 and RelB: predictors of arterial 

stiffness in chronic obstructive pulmonary disease”. This is the first study to examine the course 

of change in 2 lung-specific inflammatory mediators, club cell-16 (CC-16) and surfactant protein 
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D (SPD), as well as in RelB, a novel marker of CV outcomes over the time course of an 

exacerbation and evaluate their relationship to changes in cf-PWV and exacerbation frequency 

over time. This article is in submission to the American Journal of Respiratory and Critical Care 

Medicine. 

 

Chapter 9 summarizes the findings of my manuscripts and includes a general discussion and 

overall conclusion, followed by the Bibliography and Appendices.  
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Table 1: Thesis composition and manuscript overview 

Thesis chapter: 

title/manuscript title 

Objectives Originality Publication 

Chapter 1: Introduction 

Chapter 2: Literature review 

Chapter 3: Rationale, objectives and hypotheses 

Chapter 4: Setting, population and design 

Chapter 5: 

manuscript 1 

Exacerbations in 

undiagnosed chronic 

obstructive pulmonary 

disease greatly impact 

use of health services: 

The CanCOLD Study 

 

To assess in a 

population-based cohort 

1) whether there are 

differences in the 

characteristics of 

subjects with 

undiagnosed and 

diagnosed COPD, as 

well as whether some of 

these characteristics are 

associated with reporting 

exacerbation-like 

respiratory events; 2) to 

determine the proportion 

of subjects reporting 

exacerbation-like 

respiratory events and 

whether there are 

differences in the odds of 

using medication and/or 

health services 

1) The first study to look at 

differences in characteristics 

of subjects with 

undiagnosed vs. diagnosed 

COPD, and characteristics 

associated with reporting 

exacerbation-like events in 

undiagnosed subjects in a 

population-based cohort 

2) The first study on the 

prevalence of exacerbation-

like events in subjects with 

undiagnosed COPD from a 

population-based cohort in 

Canada 

3) The first study to report 

that health service 

utilization is much greater 

than previously thought 

among undiagnosed subjects 

In submission 

to the 

European 

Respiratory 

Journal 

Chapter 6: 

manuscript 2 

Longitudinal 

predictors of 

increased arterial 

stiffness during 

COPD exacerbations 

and recovery 

To assess cf-PWV 

during exacerbations 

requiring 

hospitalization and 

subsequent recovery, 

and to identify 

determinants of 

increases in this over 

time 

1) The first study on arterial 

stiffness during severe 

exacerbations requiring 

hospital admission 

2) The first study on 

longitudinal predictors of 

increases in arterial stiffness 

in COPD 

In submission 

Chapter 7: 

manuscript 3 

Alterations in the 

Expression of the NF-

κB Family Member 

RelB as a Novel 

Marker of 

Cardiovascular 

Outcomes During 

To assess RelB 

expression relative to 

markers of 

inflammation as well as 

its association with 

cardiovascular and 

pulmonary features of 

COPD patients at 

The first study to examine 

the role of RelB in COPD  

Published in 

PLoS One; 

2014; 9(11): 

e112965.  



 xxx 

Acute Exacerbations 

of Chronic 

Obstructive 

Pulmonary Disease 

stable-state and during 

exacerbation 

Chapter 8: 

manuscript 4 Club 

cell-16 and RelB: 

predictors of arterial 

stiffness in chronic 

obstructive pulmonary 

disease  

To measure the course 

of change in lung-

specific inflammatory 

mediators and RelB 

during and after 

exacerbation, and their 

relation to arterial 

stiffness and 

exacerbation frequency  

1) The first study to 

measure lung-specific 

inflammatory mediators, 

and RelB during and 

subsequent to severe 

exacerbations  

2) The first study to assess 

their relationship with 

arterial stiffness  

In submission 

to the 

American 

Journal of 

Respiratory 

and Critical 

Care 

Medicine  

Chapter 9: Summary of findings, general discussion and overall conclusions 
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Contribution of co-authors 

One of the main challenges with regards to implementing translational research is the 

need to involve a research team of experts with different training backgrounds. As a result, the 

research projects that constitute this thesis have involved collaborations among several different 

researchers across Canada. With regards to the local study on exacerbations, I, Laura Labonté, 

the PhD candidate, generated the original research questions and hypotheses, designed the studies 

and developed the research protocols. I also obtained ethical approvals, developed all bilingual 

study consent forms, as well as case report forms and manuals of procedures. I coordinated data 

collection, data management, participated in statistical analyses with the help of a biostatistician, 

and wrote all the manuscripts with the feedback of my supervisor and co-authors. With regards to 

the analysis embedded within the CanCOLD study, I generated original research questions and 

hypotheses, wrote the research substudy application, generated the questionnaire used for data 

collection, helped with questionnaire implementation across Canada, participated in quality 

control exercises, and was responsible for data analyses with the help of a biostatistician. I wrote 

the resulting manuscript with the feedback of my supervisor and co-authors. 

 

Dr. Jean Bourbeau was my thesis supervisor and is a principal investigator for both the 

CanCOLD study and the local study. He supervised and oversaw all aspects of this thesis and the 
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and study implementation. They also provided feedback on my manuscript. 
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CanCOLD study and the local study. She helped me with the statistical analyses for all 4 
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Palmina Mancino is the national project director for the CanCOLD study. She helped me with the 

generation of the questionnaire used for data collection, implementation of the questionnaire 
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Michele Zhang, Patrick Coulombe, and Katie Garland were summer students that I supervised 
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where Michele Zhang and Patrick Coulombe were also involved in carrying out molecular and 
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Katrina Metz and Meena Patel were research assistants who helped with patient assessment in the 
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Statement of originality 

This thesis and the manuscripts within represent my original work. The major project that 

constituted my PhD was a local observational study on the impacts of COPD exacerbations on 

inflammation and CV outcomes, which was funded by an investigator-initiated grant from GSK 
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Canada. My own contributions to this study included its development that consisted of generating 

original research questions and hypotheses, designing the study and writing its protocol, 

discussing with GKS for grant development, and obtaining ethical approval. I also contributed to 

study implementation, by conceiving the study’s bilingual consent forms, as well as case report 

forms and manuals of procedures. I learned the specific techniques required such as genetic 

analysis and methods of collecting clinical and physiological measurements on patients. I trained 

research staff and supervised four summer students. I participated in data entry, as well as 

organized meetings with co-investigators. I also participated in all data analyses together with a 

biostatistician who performed statistical analyses. Finally, I wrote the final manuscripts that 

report the results of my research projects. The other project in my PhD consisted of an analysis 

embedded in an existing population-based cohort study. I was responsible for generating original 

research questions and hypotheses for this analysis, writing the research substudy application, 

designing the questionnaire that was used for data collection, helping with the implementation of 

this questionnaire across nine different sites in Canada, participating in quality control exercises, 

performing data analyses with the help of a biostatistician, and finally, for writing the final 

manuscripts that reported the results.  

 

Several elements of my doctoral work constitute original contributions to different fields of 

research on COPD exacerbations. In terms of the epidemiological aspects of this disease, a 

fundamental concern among researchers has been the widespread under-diagnosis of COPD and 

the resulting economic and healthcare consequences. My work shows that many individuals 

within the population at large are not diagnosed with COPD. Moreover, despite having milder 

and less symptomatic disease, these undiagnosed subjects use health services to a much greater 

extent than previously thought, and thereby contribute significantly to the burden of 
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exacerbations. This is the first study to report this. With the growing global prevalence of this 

disease, there is urgency in addressing this public health issue.  

 

In terms of the clinical and physiological aspects of COPD, cardiovascular disease (CVD) and 

acute CV events have been shown to represent a significant cause of morbidity and mortality for 

COPD patients, especially with advanced disease. As a result, much research has been dedicated 

to identifying potentially modifiable targets that could impact this susceptibility. Yet there is a 

lack of data on the longitudinal predictors of CV outcomes and how they relate to exacerbations. 

In my work I identified several potential clinical variables that may predict adverse CV outcomes 

over time, certain of which may be modifiable. As such, my findings can provide an important 

stepping-stone towards better understanding the determinants of CV susceptibility in COPD as 

well as laying the groundwork for future research addressing their potential therapeutic 

modulation. 

 

Finally, in terms of the cellular and molecular aspects of COPD, a key research question has been 

to identify biomarkers of disease or disease-specific outcomes in COPD. In my doctoral work I 

identified a novel inflammatory mediator of vascular function in COPD patients. Moreover, my 

study was the first one to examine the contribution of lung-specific inflammatory mediators to 

adverse CV outcomes over time. Given the impact of CV morbidity on COPD, these potential 

biomarkers of CV outcome are highly clinically relevant, since they are all easily measured and 

have been shown to be modifiable. Thus my results suggest that further research is warranted to 

better understand the molecular and cellular pathways involved and to determine whether they 

represent viable therapeutic targets. 
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A final novel aspect of my doctoral work that I feel must be mentioned is its translational nature. 

The concept of translational research was conceived several decades ago. Yet despite its promise, 

it has been a challenge to design and carry out training protocols for individuals such as graduate 

students who aim to become translational researchers. I believe that my doctoral work serves as a 

testament that translational research training is possible at the graduate level. This involves much 

collaboration among individuals with different fields of expertise, but as a result of this effort, my 

doctoral work truly reflects the wide spectrum of impacts that exacerbations have on COPD.   
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CHAPTER 1: INTRODUCTION 

COPD affects many people globally and is a significant cause of morbidity and mortality 

[4]. It is predicted to be the third leading cause of death by 2020 [5]. This disease is characterized 

by progressive airflow obstruction that is not fully reversible [4]. Its symptoms such as chronic 

dyspnea, sputum production and cough are disabling and significantly impact the quality of life 

of patients and the health care system [6-9]. 

  

The course of COPD is aggravated by multiple morbidities that manifest in various 

systems from the lung e.g. COPD exacerbations, to extra-pulmonary e.g. CVD, diabetes mellitus, 

osteoporosis and psycho-behavioural disorders. It is thus necessary to take into consideration the 

possible interplay between these morbidities, their amplified effects on disease, and their 

common mechanisms such as inflammation. As such, it becomes necessary to adopt an 

“integrated body” approach to COPD, rather than continued focus on the lungs in isolation of 

other body systems, and this is best done by approaching research questions from a translational 

perspective. In doing so, one can look at the relationship between COPD and morbidities starting 

at the molecular and cellular level, to the physiology and then progressing to the community and 

populational level. 

 

COPD exacerbations are the most important cause of the increasing global burden of this disease 

[10]. These acute events of worsened symptoms lead to increased hospitalization [10], declined 

overall patient health status [11, 12] and increased mortality [13]. As a result, they represent the 

most important adverse event in COPD. Most of the information available to date on exacerbations 

in COPD has come from clinical populations of subjects diagnosed and treated for their disease, 
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who reflect convenience samples and more symptomatic, severe disease. There is a lack of data on 

exacerbations or exacerbation-like respiratory events that may occur in the early phases of disease, 

when subjects are more asymptomatic, less functionally impaired, and not likely to have been 

diagnosed with COPD; what characteristics are associated with susceptibility to these events and 

what their medication and health service utilization impacts may be.  

 

 Among the many extra-pulmonary morbidities associated with COPD, CV events are the 

2nd most frequent cause of mortality in COPD patients after pulmonary causes [14, 15]. 

Furthermore, patients with airflow limitation are at increased risk of CVD independently of age, 

gender and smoking history [16]. Chronic inflammation is a predominant characteristic of COPD 

and is associated with the development and rupture of atherosclerotic plaque in CVD [17]. There is 

increasing evidence suggesting a link between systemic inflammation, atherogenesis, vascular 

dysfunction and risk of CV events in COPD [18-21].  

 

It is likely that exacerbations, which are associated with acute increases in inflammation, directly 

influence susceptibility to CV events, and subjects who experience acute events such as 

myocardial infarction (MI) or stroke have greater annual exacerbation frequency than those who 

do not [22, 23]. New methods of assessing CV risk such as measures of arterial stiffening, which 

are validated, non-invasive and predictive of CV events in many different disease populations 

and healthy controls offer the possibility of evaluating CV risk in COPD populations [24-31]. 

Interestingly, although one study examined the course of change in arterial stiffness at 

exacerbation [31], and one assessed cross-sectional determinants of arterial stiffness in stable 

state [32], there is no data on the longitudinal determinants of increases in arterial stiffness during 

and subsequent to exacerbations, nor is there data on the relationship between lung-specific 
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inflammatory mediators and arterial stiffness.  

 

Therefore, to address these questions using translational research, 2 research projects were 

carried out. The first was an analysis of the existing population-based CanCOLD cohort study, 

and the second was a local study of severe COPD patients who were hospitalized for acute 

exacerbations and followed for 6 months. Studying these two populations allowed for the 

assessment of the impacts of exacerbations from inflammation, to CV outcomes, to populational 

healthcare impacts; thus fulfilling the “bench to bedside” requirements of translational research. 
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CHAPTER 2: LITERATURE REVIEW  

This chapter presents a review of the existing literature pertaining to the research questions 

addressed in this thesis. Due to the broad scope and translational nature of this thesis however, at 

times, only the most important aspects of relevant concepts are covered so as to limit the length 

of this chapter. Section 2.1 presents an overview of the burden of COPD including its definition 

(2.1.1), global burden (2.1.2), prevalence (2.1.2.1), morbidity (2.1.2.2), mortality (2.1.2.3) and 

health care and economic burden (2.1.2.4). Section 2.2 reviews the different methods that have 

been used to capture exacerbations including retrospectively (2.2.1) and prospectively (2.2.2). 

Section 2.3 reviews the concept of COPD exacerbations including their specific definitions 

(2.3.1), ascertainment of their severity (2.3.2), and frequency (2.3.3). Section 2.4 is a general 

overview of the aetiology of exacerbations including respiratory tract infections (2.4.1), and 

environmental pollution (2.4.2). Section 2.5 is a summary of the inflammatory response at 

exacerbations including a very brief summary of stable state inflammation, as well as an 

introduction to the concept of biomarkers (2.5.1). Section 2.6 discusses the various health impacts 

of exacerbations, including that on mechanical effects and decline in lung function (2.6.1), 

physical activity (2.6.2), health-related quality of life (2.6.3), and hospital admission and 

mortality (2.6.4). Section 2.7 reviews non-CV comorbidities in relation to COPD and 

exacerbations including neuropsychiatric conditions (2.7.1), metabolic syndrome and diabetes 

(2.7.2), skeletal muscle dysfunction (2.7.3), osteoporosis (2.7.4), gastroesophageal reflux disease 

(2.7.5) and lung cancer (2.7.6). Finally, section 2.8 is an in-depth review of CV comorbidity in 

relation to COPD and exacerbations, including an overview of shared risk factors of CVD and 

COPD (2.8.1) with a discussion on the role of aging and senescence (2.8.1.1), lung function 

(2.8.1.2), smoking (2.8.1.3), physical inactivity (2.8.1.4), hypertension (2.8.1.5), and 

environmental factors (2.8.1.6); a discussion of increased CV susceptibility in COPD beyond 
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traditional risk factors (2.8.2), with an overview of inflammatory mechanisms (2.8.2.1), an 

overview of oxidative stress mechanisms (2.8.2.2) and of other physiologic and metabolic factors 

(2.8.2.3); and finally an overview of markers of CV risk in COPD (2.8.3), including carotid 

intima-media thickness (2.8.3.1), endothelial function (2.8.3.2), arterial stiffness (2.8.3.3) with an 

overview of measurement of arterial stiffness (2.8.3.3.1).   

 

 

2.1 Overview of the burden of COPD 

2.1.1 Definition of COPD 

According to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) COPD is 

defined as “a common preventable and treatable disease, (that) is characterized by persistent 

airflow limitation that is usually progressive and associated with an enhanced chronic 

inflammatory response in the airways and the lung to noxious particles or gases. Exacerbations 

and comorbidities contribute to the overall severity in individual patients” [4]. COPD is 

generally regarded as an “umbrella” term that includes chronic lung diseases such as emphysema 

and chronic bronchitis that lead to airflow obstruction. Inhaled cigarette smoke (CS) and other 

noxious particles such as smoke from biomass fuels induce lung inflammation [4]. This normal 

response of the lungs becomes abnormal in persons with COPD. As a result, parenchymal 

destruction leading to emphysema, in conjunction with impaired repair and defense mechanisms 

leading to small airway fibrosis and narrowing, may occur. Moreover, destruction of the lung 

parenchyma may lead to loss of alveolar attachments and decreased elastic recoil. Together, these 

changes can cause air to become trapped in the small airways and impair the airways’ ability to 

remain open during expiration. Consequently this results in progressive airflow limitation, that is 

best measured using spirometry [4]. Spirometrically defined COPD is based on a forced 
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expiratory volume in 1 second (FEV1) to forced vital capacity (FVC) ratio of less than 70% [4]. 

The predominant symptom associated with COPD is breathlessness, which can be accompanied 

by other symptoms such as sputum production, cough and wheeze. However, there is much 

heterogeneity in the symptoms experienced by people with COPD, and as a result, it may be 

difficult to accurately diagnose.   

 

2.1.2 Global burden of COPD 

It is estimated that there are at least 210 million people living in the world with COPD, and that 

this disease is responsible for 3 million deaths per year [33]. COPD is expected to be the 3rd 

leading cause of death globally by 2020 according to the World Health Organization (WHO) [5], 

and its burden is predicted to increase significantly in the coming years [4].  The prevalence, 

morbidity and mortality of COPD across different countries and even among different groups 

within a country are highly variable [4]. The development of COPD depends on the cumulative 

exposure to risk factors such as CS and outdoor or indoor air pollution. It is expected that the 

prevalence and burden of COPD will increase substantially due to ongoing exposure of people to 

COPD risk factors particularly CS and the ageing of the world’s population [4, 5, 34].  

 

2.1.2.1 Prevalence 

Estimating the prevalence of COPD by the WHO has been difficult due to limited data 

availability [35]. Moreover, available data on COPD have been collected using various 

inconsistent methods, and there has been a general under-recognition and under-diagnosis of this 

disease [36, 37]. Despite that spirometry is simple, inexpensive and suitable to be used in clinical 

practice, and that lung function has been shown to be a strong predictor of all-cause mortality 
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independent of smoking, COPD remains a seriously overlooked disease by healthcare providers 

[38]. It is likely that the burden of this disease is not appreciated, nor is the fact that it is 

preventable and treatable. The international Burden of Obstructive Lung Diseases (BOLD) 

initiative [39] was developed to provide standardized methods for measuring the global 

prevalence of COPD among the general population and by collecting information on risk factors 

that could be used in countries at all levels of development. The BOLD initiative was developed 

alongside the Latin American Project for the Investigation of Obstructive Lung Disease 

(PLATINO), which was carried out in 5 Latin American countries [40]. The data from the BOLD 

initiative revealed that there were significant variations in COPD prevalence across countries 

throughout the world, but that overall, the global prevalence for GOLD stage 2+ COPD 

(moderate to very severe disease) was approximately 10.1%, with a prevalence of 11.8% in men 

and 8.5% in women [35]. Moreover data from a systematic review and meta-analysis of studies 

from 28 countries dating between 1990 and 2004, suggest that the prevalence of COPD is 

significantly higher in smokers and ex-smokers than in never smokers, and that it is highest in 

subjects at least 40 years of age, and greater in men than in women [37]. Using the BOLD 

methodology, a Canadian analysis of 3042 subjects selected from the general population, found 

that overall, 16.7% of subjects met the criteria for GOLD stage 1 or higher COPD [9]. This was 

approximately four-fold higher than previous estimates based on annual community surveys, and 

importantly, highlighted that COPD is a greater health concern in Canada than previously 

thought.   
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2.1.2.2 Morbidity 

Assessment of morbidity in subjects with COPD is typically based on doctor visits, emergency 

room visits, and hospitalizations [4, 38]. Like with prevalence, there is a lack of data on these 

outcomes, and most data come from health databases. Additionally, these may be influenced by 

many factors including availability of hospital beds, variation in terminology and coding [38]. 

Available data suggest that morbidity increases with age, and may be affected by comorbid 

conditions such as CVD, diabetes etc. that are likely to impact a patient’s health status and 

interfere with disease management [40, 41]. A detailed discussion of comorbid conditions 

associated with COPD is given in sections 2.6 and 2.7.  

 

2.1.2.3 Mortality 

There are several complications in establishing the burden of mortality due to COPD. The most 

important include the issue of under-recognition and under-diagnosis of COPD, which restricts 

the reliability of mortality data [42, 43], and that COPD is often listed as a contributing cause of 

death or may even be completely omitted from death certificates [44, 45]. The WHO’s data on 

mortality attributable to COPD is based on the use of an International Classification of Diseases 

category, which in its tenth revision, categorized it as “COPD and allied conditions”. It is clear 

that COPD is a significant contributor to global mortality, as previously stated, COPD is expected 

to be the third leading cause of death worldwide by 2020 [5]. The sustained increase in mortality 

rates due to COPD over the last decades (estimated to have increased by 163% between 1965-

1998) have been a stark contrast to those of CVD and most other common chronic diseases, 

which have seen a significant drop [38, 46]. This increase is largely due to the persistent smoking 
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epidemic, ageing of the world’s population, as well as a general decrease in mortality from other 

causes such as infectious diseases [4].  

 

 2.1.2.4 Healthcare and economic burden 

Recent data from the Canadian Institute for Health Information show that COPD is responsible 

for the highest rate of hospital admission and readmissions among the “major” chronic diseases 

in Canada [47]. This report also revealed that 18% of COPD patients were readmitted once 

within a year and 14% were readmitted twice; figures much greater than those for heart failure, 

angina, hypertension or diabetes [47].  

COPD exacerbations account for the greatest proportion of the total healthcare burden of COPD 

in Canada and beyond (this has been observed across the European Union, the United States, etc.) 

[48]. These acute events often lead to emergency room or hospital admission as well as 

unplanned physician visits. Patients admitted for COPD exacerbation have an average hospital 

length-of-stay of ten days, with a cost of $10,000 per stay, which in Canada, has been estimated 

to represent $1.5 billion a year [49].   

In a more recent study of 285 patients from 23 sites across Canada, average annual COPD-related 

costs were found to be $4,147 per patient [50]. Maintenance costs accounted for $2,475 per 

patient, whereby medications accounted for 71% of this. Subjects who exacerbated were treated 

with medication, outpatient care, emergency room visits and hospitalizations, which amounted to 

a mean cost per exacerbation of $3,036. In 2010 in the United States, the estimated direct cost of 

COPD was $29.5 billion, including $13.2 billion in hospital care costs, $5.5 billion in physician 

services and $5.8 billion in prescription medications, as well as $20.4 billion in indirect costs 
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(morbidity and mortality) [51]. Similarly in the European Union, among respiratory diseases, 

COPD represents 56% of total cost adding up to 38.6 billion euros per year [52]. 

In developing countries direct medical costs may be less informative than measuring the 

workplace and productivity impacts of COPD. This is because the healthcare systems in these 

countries do not all provide long-term support care for patients [4]. As a result, individuals 

affected by COPD, as well as a family member or close friend who must care for them, may be 

forced to miss work when COPD becomes too debilitating. Consequently, this indirect cost, may 

severely impact the economies of these countries [4]. 

As the prevalence of COPD is on the rise, and the fact that with increasing age and disease 

severity exacerbations become more frequent, the associated healthcare and economic costs will 

likewise continue to increase. As a result, the only way to reduce this burden is to prevent 

exacerbation by diagnosing and treating COPD appropriately. 

 

2.1.3 Summary 

Despite increasing efforts, there is still a lack of reliable data on the prevalence, morbidity, 

mortality and economic costs associated with COPD. The majority of the healthcare and 

economic burden of this disease is attributable to its exacerbations. With the ageing of the 

world’s population and continued exposure to risk factors, obtaining accurate estimates of the 

global prevalence and burden of COPD will be essential to guide public-health initiatives and 

increase public awareness of this disease. 
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2.2 Measuring COPD exacerbations 

Exacerbations can be measured retrospectively via patient interview (e.g. questionnaire) or from 

patient treatment records (e.g. health administrative databases) [53]. Prospectively, their 

ascertainment can be done using patient diary cards or using the more recent EXACT-Pro tool 

(EXAcerbation of Chronic pulmonary disease Tool- Patient Reported Outcome). A main 

limitation to exacerbation measurement is that tools and approaches vary widely and often lack 

validity testing, and as a result, these may affect exacerbation rates.   

 

2.2.1 Measuring exacerbations retrospectively 

Ascertainment of exacerbations can be based on patient recall of events, which can be done either 

during healthcare visits, by telephone interview [53] or using an online questionnaire. Using the 

East London COPD Cohort, it was shown that patients can reliably recall the number of 

exacerbations they had during a previous year, and this estimate is comparable to that measured 

using daily diary cards that record symptom change [54]. There is also sufficient accuracy when 

relying on patient recall to allow for stratification of patients as frequent (≥3/year) or infrequent 

exacerbators. Despite this, patient recall can lead to potential bias and omission of events. 

Patient-reported exacerbation rates tend to be greater than those reported in clinical trials, as very 

sick and unstable COPD patients tend not to be recruited into clinical trials and differences in the 

definitions of exacerbations may impact exacerbation rates. As a result, the “real experiences” of 

COPD patients may significantly vary from that of the research setting [55]. Underreporting of 

COPD exacerbations is another problem with relying on patient recall, as well as being a 

fundamental issue of COPD. Up to 70% of exacerbations go unreported [56, 57]. It seems that 

experiencing more symptoms at exacerbation onset is an important predictor of exacerbation 
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report [56], and that unreported exacerbations are associated with patients fearing hospitalization, 

being housebound or bedridden [58]. Consequently, caution must be taken when relying on 

patient recall to ascertain exacerbations. 

 

COPD exacerbations can also be detected using information found within patient health records 

or health administrative databases [53]. These sources can be used to determine when and if 

medication was prescribed (antibiotic and/or corticosteroid) to a COPD patient or whether they 

were admitted to hospital or if other healthcare services were sought (e.g. doctor visit) [59]. The 

limitations of this approach are that it can only be used to determine exacerbations based on 

events (healthcare utilization), and as a result, milder exacerbations that do not require treatment 

may not be measured; there is also uncertainty regarding how to differentiate between two 

separate episodes based on healthcare use, and this approach will not take into account 

unreported exacerbations.  

 

2.2.2 Measuring exacerbations prospectively 

Prospectively, exacerbations have mostly been ascertained using patient-kept daily diary cards 

[11, 12, 53]. Diaries for COPD were initially developed based on those used in asthma studies, 

but with greater emphasis on cough and sputum [60]. Daily diary cards are a means by which 

patients record their daily symptoms, which allows for the detection of symptom change that goes 

beyond day-to-day variations and to assess their impacts [61, 62]. As a result, this provides a 

precise way to detect symptom-based exacerbations. Data on the use of daily diary cards with 

daily measurement of peak expiratory flow rate in COPD patients have largely come from the 

East London Cohort [11, 12, 54, 63, 64]. The use of daily diary cards has provided important 
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information on symptoms associated with exacerbations, the “prodromal” phase and how 

symptoms recover with treatment [61]. This approach has also shown that many patients do not 

report exacerbations to healthcare professionals or research staff despite encouragement, and as a 

result many go undetected [11, 56].  

 

An issue with daily diary cards relates to their widespread use and study in the East London 

Cohort. This group of patients is well trained to fill these out and react to changes in symptoms, 

prompting patients to seek out medical attention earlier in their exacerbations than “typical” 

COPD patients resulting in earlier treatment [65]. As such, data emerging about this cohort may 

not be generalizable and reflective of the “typical” COPD patient. Moreover, there is no 

standardized diary card, and as a result, this may affect reported results, and exacerbation 

ascertainment.   

 

The EXACT-Pro instrument was also developed to assess exacerbations [66]. The basis for this 

tool was to reliably detect exacerbations in clinical trials and to be able to accurately measure 

rates, severity and duration. The EXACT-Pro is a personal digital assistant device consisting of a 

14-item scored questionnaire recording changes in predefined symptoms. The change in EXACT-

Pro score from stable state at exacerbation has been shown to be useful in detecting exacerbations 

[67]. However this change was also found to be smaller in severe COPD patients than in milder 

patients, suggesting that it is difficult to use change in scores that remain valid across the COPD 

disease spectrum [67]. Moreover, further limitations to the EXACT-Pro arise because 1) its relies 

on a personal digital assistant device, which reduces the number of subjects who can use it (as 

some may have difficulty with this), 2) it is based on symptoms and its output may be unspecific 

(e.g. a significant changes in score could result from worsening of conditions different from 
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COPD exacerbations), and 3) to date there have been issues in terms of accurately defining the 

time of exacerbation resolution [68]. Automated telephone exacerbation assessment systems 

(TEXAS), have also been evaluated as means to detect exacerbations [69]. Although they proved 

to be useful in ascertaining exacerbations, the implementation of automated systems may restrict 

their use, in addition to patient compliance with using this system. Finally, there have been 

attempts to use other measurement tools that have been primarily developed to measure health-

related quality of life in COPD patients to assess exacerbations. The Clinical COPD 

Questionnaire (CCQ) has been used to evaluate disease severity and treatment response [70, 71] 

in daily clinical practice. It has been found that weekly CCQ assessment may provide a useful 

tool to detect unreported exacerbations [72]. However, limitations to these approaches include 

suitability for long-term use as many subjects are unwilling to perform this for ≥12 months, the 

number of subjects who are capable of using these, as a certain level of cognitive and visual skills 

are required, as well as variability in the content and structure of diaries [53]. The COPD 

Assessment Test (CAT) questionnaire has been used to detect exacerbations, whereby a worse 

score would correlate with health impairment due to exacerbation. However, the CAT was 

developed primarily as a health-related quality of life assessment tool and was not validated for 

use at exacerbation. Consequently it is thought that it lacks the specificity to detect exacerbations 

in the day-to-day life of patients, and as a result, its effectiveness is limited [73]. As the CCQ and 

CAT were not specifically developed and validated to ascertain exacerbations, there are 

important limitations in their use and reliability.  
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2.2.3 Summary 

Exacerbations can be measured retrospectively or prospectively. Limitations in terms of 

ascertaining exacerbations are mainly due to patient underreporting, as well as the lack of a 

prognostic and objective measurement tool.  

 

2.3 Definition, severity and frequency of COPD exacerbations 

The natural course of COPD is often perturbed by acute events of worsened respiratory 

symptoms known as exacerbations [74]. These events greatly influence the progression of COPD 

and are key determinants of health and functional status in patients [11, 12, 64, 73, 75]. Despite 

their importance in COPD management, finding an appropriate consistent definition of these 

events and their severity remains a core challenge of COPD research. Moreover frequency of 

exacerbations has serious implications with regards to their overall impacts. 

 

2.3.1 Definitions of COPD exacerbations 

Yet, despite their importance in COPD management, finding an appropriate consistent definition 

and method of evaluating COPD exacerbations remains one of the core challenges of COPD 

research. Operational definitions have been used in the literature in order to measure their 

frequency and impact on disease. These fall into two broad categories [76]: symptom-based 

(requiring the change in/worsening of respiratory symptoms) [60] or event-based (requiring 

symptom change in addition to the increase use of maintenance medication and/or treatment with 

antibiotics and/or corticosteroid and/or hospitalization) [77]. Both of these usually require that 

symptom change persist for a minimum of two consecutive days [53], the first day of which is 

used to determine exacerbation onset. 
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 However both symptom- and event-based definitions have failed to reflect the range of symptom 

manifestation and inconsistent access to or seeking of healthcare associated with treating COPD 

exacerbations. Patients may experience a multitude of symptoms at exacerbation, however, it is 

generally agreed that most experience at least 1 of three “major” symptoms including: increased 

dyspnea, increased sputum purulence and/or increased sputum volume, which are most 

debilitating to patients [60]. Other symptoms, so-called “minor” symptoms, include: increased 

cough, increased wheezing, sore throat or nasal discharge, fever or chills without other cause, 

chest tightness, fatigue, difficulty with expectoration and night-time awakening [53].  

Both symptom-based and event-based definitions have advantages and limitations [76].  

Symptom-based definitions have been shown to be more sensitive in detecting exacerbations 

[78]. This is likely because symptom worsening and subsequent functional impairment is a major 

concern for patients and will prompt them to contact their Physician. Moreover, symptom-based 

definitions can capture exacerbations that are not severe enough to warrant a healthcare visit [53]. 

Their limitations can be attributed to several factors. There is much variation in symptoms 

experienced by patients at exacerbation, and it may be difficult to distinguish those related to 

exacerbation from those due to another health condition or comorbidity [53]. There is also a lack 

of objective and diagnostic measurement tools to record symptom change. Finally, the reliance on 

patients to come forward to a healthcare professional to report symptom change and for that 

healthcare professional to recognize an exacerbation can severely limit the usefulness of 

symptom-based definitions [53].  

 

When considering event-based definitions, the main advantage is that they provide an objective 

measure of exacerbations by defining standard parameters for medication and healthcare use. 

Moreover, they provide an easy way to distinguish between the severities of events (which will 
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be discussed later) [73, 79, 80]. However, their use is limited by introducing a potential bias 

related to regional differences in access to healthcare (whereby regions with “liberal admission 

policies” report more frequent and severe exacerbations) [66]. Event-based definitions may also 

fail to take into account events unreported by patients and fail to take into account a change in 

symptom that goes beyond normal day-to-day variation that may negatively impact a patient’s 

health and quality of life without necessarily prompting the patient to require medication or 

healthcare.   

 

Currently the GOLD guidelines [4] define an exacerbation as: “an acute event characterized by a 

worsening of the patient’s respiratory symptoms that is beyond normal day-to-day variations and 

leads to a change in medication [53, 77, 81]”.  

 

2.3.2 Severity of exacerbations 

Ascertaining the severity of COPD exacerbations is an important part of COPD management as it 

will dictate treatment choice and be a critical factor in assessing the effectiveness of new therapy 

[82]. From a clinician perspective, severity of exacerbation will be determined based on 

symptoms, physical signs and response to therapy. This will be greatly influenced by patients’ 

reporting and access to healthcare. Furthermore, reporting is in part determined by the severity of 

the underlying COPD (severity of the airflow obstruction) and the characteristic of exacerbation, 

in particular the average number of symptoms [56]. Exacerbations as defined from the 

operational event-based definitions are typically considered to be “mild” when they require 

treatment with an increase in regular medication,  “moderate” when they require the prescription 

of antibiotics and/or corticosteroids, and “severe” when they require hospital admission [53]. An 

important caveat to this is that all exacerbation-like respiratory events which are not treated 
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pharmaceutically or with hospital admissions are not considered. This is a major limitation 

considering that underreporting is a widespread phenomenon [83, 84]. Unreported exacerbations 

have been shown to have significant negative impacts on the health status of patients [56, 84] 

[83]. Up to 43% of patients with unreported exacerbations can experience clinically important 

declines in health status compared to 52% of patients who report exacerbations [56]. As a result, 

there has been ongoing effort in developing tools that may aid in measuring exacerbation severity 

that take into account the patient’s perspective [66].  

 

 2.3.3 Frequency of exacerbations 

Exacerbation frequency tends to increase with disease severity [4]. Frequent exacerbations have 

typically been defined as 2 or more exacerbations per year [11, 12, 80]. However, the Evaluation 

of COPD Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE) study data 

showed that there is an intrinsic frequent exacerbator-susceptibility phenotype that exists among 

patients that remains stable over time [85]. Moreover, having a history of frequent exacerbations 

is the major determinant of future risk of frequent exacerbations among COPD patients across 

GOLD stages [85]. Studies have shown that this group of patients also has worse health status 

and functional impairment with an accelerated decline in lung function and worse quality of life 

[11, 12], increased risk of hospitalization and increased mortality [13, 74, 86]. Consequently it is 

important to identify these at risk subjects and target them for exacerbation prevention, 

management and therapy.  
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2.3.4 Summary 

Exacerbations perturb the natural course of COPD, and become more frequent as disease 

progresses. Due to the heterogeneous nature of these acute events, different operational 

definitions have been use to characterize them. This has rendered it difficult to compare outcomes 

across studies. Moreover, as up to 70% of exacerbations may be undetected [56, 57], this likely 

contributes to the problem of underestimation of the total burden of COPD. Currently, the GOLD 

definition of exacerbations is event-based, and severity of exacerbations is also measured based 

on healthcare utilization. Patients who frequently exacerbate are at particularly high-risk for 

functional impairment and increased mortality.   

 

 

2.4 Aetiology of COPD exacerbations 

Exacerbations are most often triggered by respiratory tract infections, but have also been caused 

by air pollution [6, 79, 81].  

 

2.4.1 Respiratory tract infections 

COPD exacerbations are often caused by upper respiratory tract infections, which occur 

frequently in the winter months as infections are common in the community [79]. It is thought 

that approximately 50% of exacerbations are associated with viral infections [81]. These 

exacerbations tend to be more severe and associated with longer recovery times than those caused 

by other factors [87, 88]. Rhinoviruses are most frequently detected at exacerbation, however 

other viruses may include: coronavirus, respiratory syncytial virus, influenza, parainfluenza and 

adenovirus [79]. Polymerase chain reaction (PCR) techniques allow for the detection of viral 

origin. Rhinoviruses can be detected in induced sputum and nasal aspirates of COPD patients at 
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exacerbation [88], and it has been shown that low-dose experimental rhinovirus infections in 

patients with mild COPD can produce symptoms similar to exacerbation [89]. The importance of 

influenza in causing exacerbations has decreased with the administration of the flu vaccine to 

COPD patients. Respiratory syncytial virus has been observed at exacerbation [90], however it is 

unclear whether it is the sole cause of exacerbations as this virus has been detected in the airways 

of steady-state COPD patients and associated with increased airway inflammation in stable 

COPD [91]. Latent adenoviral protein E1A expression in alveolar epithelial cells has been found 

to enhance the consequences of CS-induced lung inflammation [92].  

 

COPD exacerbations are also caused by bacterial infections. The specific role of these during 

exacerbations has been difficult to assess as airway colonization in stable state is associated with 

the same types of bacteria as those seen at exacerbation including: Haemophilus Influenzae, 

Streptococcus Pneumoniae, Moraxella catarrhalis, Staphylococcus aureus and Pseudomonas 

aeruginosa [93]. Some of the first evidence indicating a role for bacteria in exacerbations came 

from Anthonisen et al. [60], who demonstrated that patients experiencing increased dyspnea, 

sputum volume and sputum purulence may experience significant benefits from treatment with 

antibiotics. Moreover, positive bacterial cultures have been associated with purulent sputum and 

increased sputum neutrophilia [94]. 

 

Bacteria in the lower airways may disrupt host dense leading to increased epithelial injury, 

defective mucociliary clearance, chronic mucous hypersecretion, and inflammatory cell 

infiltration, which in turn result in further host defense impairment [95]. This could explain why 

stable state colonization has been described and associated with exacerbation frequency [96]. 

There remains significant work to be done in order to fully understand the role of bacteria in 
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exacerbations. Molecular typing techniques are helping in the detection of changes in bacterial 

strains at exacerbation, rather than focusing on bacterial species [79].  

 

An enhanced systemic inflammatory response and greater decline in FEV1 have been observed in 

exacerbating COPD patients who have evidence of concomitant infection with H. influenzae and 

rhinovirus when compared to those with only H. influenzae infection [97]. Moreover, greater 

decline in lung function and increased hospital length-of-stay has been reported in patients with 

co-infection [98]. It is generally thought that approximately 25% of COPD patients admitted to 

hospital for exacerbation have evidence of co-infection [81, 99].  

It is clear that viral and bacterial infections play an important role in triggering exacerbations. Yet 

there remains much uncertainty with regards to the specific contributions of each and their 

possible interplay [79].  

 

2.4.2 Environmental pollution 

Increased environmental pollution has been shown to be able to trigger COPD exacerbations 

[100, 101]. Ambien concentrations of air pollutants (including sulphur dioxide, nitrogen dioxides, 

ozone and particulate matter) have been associated with increased hospitalization for COPD 

patients [102]. While diesel exhaust has been shown to induce airway inflammation including 

increased sputum neutrophilia, interleukin (IL)-6 and methylhistamine in healthy subjects [103], 

and may reduce T-cell activation while enhancing alveolar macrophage migration into airspaces 

[104]. Consequently it seems that environmental pollutants can trigger an inflammatory response 

in the airways, which may in turn trigger an exacerbation.  
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2.4.3 Summary 

The majority of exacerbations are caused by upper respiratory tract infections, where viruses and 

bacteria have been shown to play an important role in the aetiology of exacerbations. Although 

there remains considerable uncertainty with regards to what this may be. Air pollution can also 

induce an inflammatory response that may lead to an exacerbation.  

 

2.5 Overview of inflammatory response during exacerbation 

The inflammation associated with COPD and its exacerbations is extensive. To understand the 

importance of changes at exacerbation, it is important to understand the chronic inflammation 

that occurs in stable disease, and how this contributes to disease progression.  

In stable state, neutrophil elastase (NE) plays an important role in COPD pathogenesis, including 

a role in the progression of emphysema, mucus gland hyperplasia and mucus hypersecretion 

[105]. NE levels have been found to be elevated in COPD patients when compared to smokers 

[106]. Other inflammatory mediators have also been found to be elevated in subjects with stable 

COPD when compared to smokers including tumor necrosis factor (TNF)-α, IL-1β, leukotriene 

B4 (a chemoattractant), IL-8 (CXCL8), and growth-related oncogene-α [107-109]. These factors 

all play important roles in the inflammatory cascade that occurs in COPD by attracting and 

activating other inflammatory cells and contributing to tissue damage [93]. Irritants such as CS or 

particulate matter activate respiratory epithelial cells and phagocytes, which will then release 

several pro-inflammatory mediators such as IL-8, which will activate other cells such as 

leukocytes and endothelial cells [93]. Mediators including leukotriene B4 and IL-8 will 

chemoattract neutrophils towards the site of epithelial injury [110]. Neutrophils can then release 

proteases that will degrade components of the extracellular matrix, thereby allowing them to pass 

through the matrix and enter the airways, where they will cause further tissue damage and 
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activate other inflammatory cells to release cytokines and chemokines such as IL-6 and IL-1β 

[93]. 

 

Existing airway and systemic inflammation increases significantly during COPD exacerbations 

[75, 99, 111, 112]. Briefly, pathogenic insult or environmental irritants activate the transcription 

factor nuclear factor (NF)-kB in airway epithelial cells and macrophages, which triggers the 

production of pro-inflammatory cytokines including IL-8 (CXCL8) [81]. These will then be 

released, and in turn, attract neutrophils and TNF-α and IL-6, which will further amplify the 

inflammatory cascade, including for example, triggering the release of fibrinogen into circulation 

and increasing C reactive protein (CRP) production [113]. These additional neutrophils will 

release more NE in the airways, which will cause further lung injury, and they will generate 

oxidative stress, which will likewise damage the airways [98, 114]. During severe COPD 

exacerbations, glutathione (an anti-oxidant) levels have been shown to decrease significantly 

compared to stable state levels [115]. Furthermore, free radicals such as nitric oxide (NO) are 

found in greater quantity in the exhaled breath of patients during exacerbations [116].  

Although airway neutrophilia is predominant in exacerbations, the expression of many 

inflammatory cell types in the bronchial mucosa also increases depending on the type of insult 

that instigates the exacerbation [117]. Viruses tend to stimulate an eosinophillic inflammatory 

response compared to bacteria that that tend to trigger neutrophilia [98, 118]. 

Overall, the airways of frequent exacerbators tend to be more inflamed. There is evidence that 

these patients have higher levels of sputum IL-6 and IL-8, even when stable [111]. Moreover, 

their inflammatory response appears to persistently increase over time. Sputum IL-6 and plasma 

fibrinogen have been found to continue to increase more rapidly over time than that of infrequent 
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exacerbators [119]. During exacerbation recovery, subjects who frequently exacerbate have 

greater sputum IL-6 and serum CRP than infrequent exacerbators [120].  

Taken together, this suggests that subjects who frequently exacerbate may have an innate 

persistent and increased tendency to produce heightened inflammatory responses. However, it is 

still unclear whether this is causative or a result of susceptibility to the insults that will trigger an 

exacerbation [117].   

 

2.5.1 “Biomarkers” of exacerbation 

The Natural Institutes of Health define biomarkers as a “characteristic that is objectively 

measured and evaluated as an indicator of normal biologic processes, pathogenic processes, or 

pharmacologic responses to a therapeutic intervention” [121]. Given the predominant role of 

inflammation in COPD and its exacerbations, finding an inflammatory mediator that could be 

used as a biomarker of disease activity or risk stratification has been a key research objective. 

More specifically, having biomarkers of COPD exacerbations could allow for prompt diagnosis, 

and help guide treatment choice and thereby improve patient outcomes [122]. However, to date, 

there have been no conclusive markers that satisfy this need.  

 

Lung-specific inflammatory mediators are garnering more attention since the findings of the 

ECLIPSE study showed that CC-16 and SPD could predict several health outcomes of COPD 

[123-125]. It is thoughts that inflammation from the lungs may “overspill” into the circulation 

and contribute to systemic inflammation, and as a result, the systemic consequences of COPD 

[113]. Continued research and development of new detection technologies will help advance this 

search. 
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2.5.2 Summary 

Inflammation becomes significantly enhanced with exacerbations, and as a result, represents a 

key contributor to the accelerated progression of disease associated with exacerbations in COPD. 

Discovering a useful inflammatory biomarker of relevant health outcomes in COPD remains a 

fundamental research goal. It is thought that an inflammatory mediator produced locally in the 

lungs may be the answer, however, the advent of new biomarker detection platforms may also 

provide much needed guidance in this pursuit. 

 

2.6 Health impacts of exacerbations 

COPD exacerbations have significant impacts on the overall health status and functional capacity 

of patients. They contribute considerably to disease progression by aggravating several 

pathophysiological features of COPD.  

 

2.6.1 Mechanical effects and decline in lung function 

The injury associated with exacerbation is probably most apparent to patients through greater 

decline and impairment in lung function. This typically manifests as increased dyspnea, which 

functionally limits patients. The symptom of dyspnea in COPD patients is largely attributable to 

dynamic lung hyperinflation [126].  

 

At exacerbation, airway inflammation increases and patients tend to have greater expiratory flow 

limitation. This results in worsened dynamic hyperinflation and greater respiratory effort, 

cardiovascular strain, and inspiratory muscle overload, which manifests as increased dyspnea 

[127]. Some patients who have severely impaired airflow obstruction may have severe lung 



 26 

hyperinflation in stable state, and as a result, also have a reduced ability to withstand further 

impairment [117]. It is thought that exacerbations may be more easily triggered in these patients 

[117].  

Treatment with bronchodilator has been shown to improve small airway obstruction and decrease 

lung hyperinflation in some subjects in stable state [128]. Consequently, this may “reset” the 

baseline of subjects, and lower their susceptibility to exacerbations.  

 

Patients who have moderate to severe COPD have been shown to have accelerated decline in 

lung function over time with repeated exacerbations [12, 129]. Initially, Donaldson et al. [12] 

showed that subjects who frequently exacerbated had a 25% greater loss of lung function over 

time (-32.1 mL/year vs. -40.1 mL/year), and Kanner et al. [129] showed that smoking patients 

with mild COPD who experienced 1.5 lower respiratory tract illnesses per year had a decline in 

FEV1 of -69.4 mL/year vs. -55.9 mL/year in subjects with fewer illnesses. Many larger studies 

have since supported the notion that frequent exacerbations accelerate lung function decline and 

thus contribute significantly to disease progression [130-133]. 

 

2.6.2 Physical activity 

Exacerbations have been shown to be associated with peripheral muscle weakness and lower 

muscle force (as measured using quadriceps peak torque) [134]. Moreover, exacerbations tend to 

decrease the amount of time patients spend on outdoor activity [63]. It is possible that 

exacerbations can permanently impair physical activity, whereby patients who frequently 

exacerbate (>2.47 exacerbations/year) have a faster decline in daily time spent outdoors equalling 

-0.17 hours/year, and even infrequent exacerbators were shown to have a decline of -0.10 
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hours/year [63]. Several factors may contribute to this including: lack of physical activity, 

increased bed rest, inflammatory processes, nutritional factors, metabolic status and treatment 

with corticosteroids [135].  

 

2.6.3 Health-related quality of life 

Exacerbations are one of the most important factors that determine the health status of patients 

with COPD. Patients with frequent exacerbations (including both treated and untreated events), 

have been shown to have poorer health-related quality of life in general as assessed using the St-

Georges Respiratory Questionnaire (SGRQ), which is a disease specific measurement tool [11, 

136]. Frequent exacerbators have also been found to have lower health-related quality of life as 

measured using the CAT [137]. Moreover, even patients with unreported exacerbations have 

lower health status [56]. The impact of exacerbations on health-related quality of life goes 

beyond the duration of symptom worsening experienced by subjects in association with the event. 

It has been shown that SGRQ scores may take up to 6 months post exacerbation to return to 

baseline levels [138]. In frequent exacerbators, health-related quality of life is slower to recover 

following an exacerbation, and it is thought that with continued relapses and recurring events, 

patients will not return to their baseline condition and will continue to experience further 

deterioration over time [139]. 

 

Fatigue is an important consequence of exacerbations on health-related quality of life and has 

been measured using the Functional Assessment of Chronic Illness Therapy-fatigue (FACIT-

fatigue) scale [140]. Patients tend to have worsened fatigue at exacerbation with worsening 

FACIT-fatigue scores as exacerbation frequency increases [140]. 
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2.6.4 Hospital admissions and mortality 

Frequent exacerbators are those subjects who are most likely to be admitted to hospital when they 

exacerbate. The ECLIPSE study, showed that patients with GOLD stage 2 COPD had a 7% 

hospitalization rate for COPD exacerbation-related causes during the first twelve months of 

follow-up. This increased to 33% in patients with GOLD stage 4 disease [85]. The most likely 

cause for hospital admission is delayed treatment and exacerbation management. These processes 

tend to lead to more severe and longer exacerbations [117]. 

 

Risk factors for inpatient mortality include cor pulmonale, congestive heart failure, low arterial 

pH, leg oedema, age, an oxygen saturation less than 86%, assisted ventilation and low body mass 

index [141, 142]. Frequent exacerbations are themselves an independent risk factor for all-cause 

mortality in COPD, and hospitalization for each exacerbation is associated with disease 

progression [13]. Over time, risk of mortality increases, and at the 10th admission, risk of death is 

5-fold greater compared to that at first admission [143]. 

 

2.6.5 Summary 

Exacerbations lead to significant impairment in the functional status of patients by accelerating 

the decline in lung function and reducing physical activity. The more frequent subjects will 

exacerbate, the lower their health-related quality of life will be. Moreover, frequent exacerbators 

will be at greater risk of hospital admission and mortality.   
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2.7 Non-cardiovascular comorbidities, COPD and exacerbation  

A comorbidity is generally defined as a disease that coexists with a primary disease of interest 

[144]. Several comorbidities have been well described in patients with COPD. The majority of 

which arise due to exposure to common risk factors such as CS [4].  The detrimental health 

impacts of exacerbations contribute to the development of comorbid conditions, and likewise 

comorbid conditions can increase susceptibility of patients to exacerbations. 

COPD is associated with several major non-CV comorbidities including neuropsychiatric 

disorders, metabolic syndrome and diabetes, skeletal muscle dysfunction, osteoporosis, 

gastroesophageal disease, and lung cancer. 

 

2.7.1 Neuropsychiatric conditions 

One of the predominant neuropsychiatric conditions among COPD patients is depression. 

Findings from the ECLIPSE study showed that 26% of patients reported symptom-defined 

depression compared to only 12% of controls, and that prevalence increased with disease severity 

[145]. A clear relationship has been established between exacerbation frequency and depression. 

Subjects who frequently exacerbate tend to be more depressed even in stable state, and depressed 

patients tend to have worse breathlessness and quality of life, be socially isolated and spend less 

time doing outdoors activities [146]. In COPD, depression has been associated with worse 

outcomes including hospital readmission and all-cause mortality [147]. Moreover, depression is a 

risk factor for poor medication adherence and non-compliance in pulmonary rehabilitation 

programs [148, 149], which may impact the overall treatment of depressed COPD patients and 

contribute to poor patient outcomes.   
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Cognitive function impairment has also been described in COPD, particularly at exacerbation 

[117]. Evidence suggests that COPD patients have significantly poorer cognitive function than 

non-COPD control subjects, and that those patients who recently exacerbated had significantly 

worse function than those in stable state independently of hypoxemia, disease severity, 

cerebrovascular risk or smoking history, and that this impairment persisted even after 3 months 

[150]. Among exacerbating subjects, up to 57% had cognitive dysfunction in the “impairment” 

range, and 20% were deemed to have suffered a pathologic loss in processing speed. Cognitive 

impairment was also associated with lower health-related quality of life as measured using the 

SGRQ and longer hospital stay. Consequently it is thought that exacerbations may be associated 

with permanent cognitive deficiency, whereby more frequent exacerbations accelerate 

deterioration. 

 

2.7.2 Metabolic syndrome and diabetes Mellitus 

Diabetes is found in approximately 12% of people with COPD, with increasing prevalence as 

disease worsens [151]. It is not yet clear why COPD patients may be more susceptible to diabetes 

and insulin resistance, however it is thought that it may be due to systemic inflammation, 

particularly involving IL-6 and TNF-α [152]. High blood sugar during COPD exacerbations has 

been associated with worse patient outcomes in terms of acute non-invasive ventilation, length of 

inpatient hospital stay and in-hospital mortality [153, 154]. Additionally, patients with 

hyperglycaemia tend to have greater bacterial colonization in their sputum during hospital 

admission [154], suggesting that they may have impaired immune function. Further research will 

help elucidate the mechanisms and implications of this. 
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2.7.3 Skeletal muscle dysfunction 

Skeletal muscle dysfunction is common in COPD patients and has a direct impact on exercise 

capacity, fatigue and general activity [155]. It is estimated that 32% of COPD patients have 

muscle dysfunction (as tested using quadriceps strength) and that this increases with increasing 

disease severity [156]. Dysfunction is thought to arise due to systemic corticosteroid use, 

inflammation that may contribute to cachexia, decreased physical activity that results in muscle 

disuse and atrophy, hormonal imbalance, prolonged hypoxia and oxidative stress [18, 155]. 

Cachexia is an independent risk factor for morbidity, including exacerbation susceptibility, and 

mortality [18]. Increased serum TNF-α levels have also been associated with cachexia in COPD 

patients [157]. Most of the factors associated with muscle dysfunction worsen at exacerbation, 

and consequently it may be that with frequent exacerbations, patients may have more peripheral 

muscle dysfunction, which leads to further impairment. 

 

2.7.4 Osteoporosis 

It is estimated that 35-70% of COPD patients have osteoporosis [158-160]. Osteoporosis has 

been linked to COPD disease severity, the degree of computerized tomography (CT)-scan-

assessed emphysema, systemic inflammation, body mass index (BMI) and physical activity [155, 

159-161]. This suggests that several pathophysiological processes are involved including 

increased proteolytic activity, inflammation, muscle function, and smoking.  

Patients who frequently exacerbate tend to have a greater annual loss in bone mineral density 

when compared to infrequent exacerbators, and as a result, are more prone to fractures [162]. 

Consequently, it is likely that these pathophysiological processes are aggravated with repeated 

exacerbations and thereby render frequent exacerbators more susceptible to osteoporosis. 
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2.7.5 Gastroesophageal reflux disease (GERD) 

Up to 30-60% of COPD patients have GERD [155], and there is evidence that patients with 

GERD have higher exacerbation frequency [85, 163, 164]. It is thought that micro-aspirations of 

stomach contents can enter the airways and cause irritation that induces inflammation [117]. 

Reflux including both non-acid and gaseous components is thought to be very common in COPD. 

A single-blind trial of 100 COPD patients showed that exacerbation rates can be decreased over 

twelve months with reflux treatment [165]. Yet there remains large uncertainty with regards to 

the causes and mechanisms of GERD in COPD, and consequently, further research is needed.  

 

2.7.6 Lung Cancer 

COPD is an independent risk factor for lung cancer in smokers, where presence of chronic 

bronchitis and/or emphysema increases risk two-five fold when compared to smokers without 

COPD [144, 166, 167]. The National Health And Nutrition Examination Survey (NHANES) I 

study showed that, in 5402 subjects who were followed for 22 years, there was an inverse 

correlation between airflow obstruction and lung cancer risk [167]. Inflammation plays an 

important role in tumor promotion by inhibiting apoptosis, interfering with cell repair, and 

promoting angiogenesis, and CS is the most important risk factor for increased cytokine 

production [168]. However, the link between COPD and lung cancer is also independent of active 

smoking, whereby even after smoking cessation, lung cancer risk remains elevated [169]. 
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2.7.7 Summary 

It is clear that many of the most common comorbidities seen in COPD patients are linked to 

exacerbation frequency, and have a significant impact on the overall prognosis of patients. As 

such, management of COPD must include the identification and treatment of comorbid conditions 

in addition to the treatment of COPD itself [4]. 

 

2.8 Cardiovascular comorbidity, COPD and exacerbation 

CVD represent the largest group of comorbidities among COPD patients [117]. The overall 

prevalence of these is thought to be 20% in COPD patients [151]. Airflow obstruction and COPD 

have been associated independently with CV mortality and increased incidence of coronary artery 

disease (CAD), chronic heart failure and arrhythmias [170]. Yet, shared risk factors and similar 

underlying mechanisms do not fully explain this relationship [171]. It has become apparent that 

many different pathobiologic processes may be involved and may contribute to the development 

of COPD and CVD, whereby the predominant common link is thought to be systemic and 

pulmonary inflammation [144].  

 

CVD is an important risk factor for poor outcomes in COPD patients, whereby CV events are the 

second most frequent cause of mortality in COPD [14]. There is a large epidemiological body of 

evidence to support this. The TOwards a Revolution in COPD health (TORCH) study [15] 

showed that although 35% of deaths in COPD patients were due to pulmonary causes, 27% were 

due to CV disease, while 21% were due to cancer and 17% due to other conditions. Whereas, the 

Tucson Epidemiologic Study of Airways Obstructive Disease showed that CVD is responsible 

for over 50% of deaths in COPD patients [172]. In a study of 405 COPD patients followed for 

over four years, a diagnosis of heart failure was associated with significantly increased all-cause 
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mortality [173]. The Lung Health Study showed that 42% of first time hospitalizations, and 44% 

of second time hospitalizations in patients with mild COPD were due to CV-related causes [174]. 

In patients with chronic airway obstruction admitted with acute respiratory failure, cardiac 

arrhythmias were associated with 70% in-hospital mortality and no survival after 2.4 years [175]. 

 

Conversely, COPD also has a significant impact on CV outcomes. In a study of 2481 patients 

with MI who were followed for one year, the presence of COPD was found to be associated with 

significantly greater rates of hospital readmission and mortality [176]. Another study of 3438 

subjects who suffered from MI found that the five-year survival rate for those with concomitant 

COPD was 46% vs. 68% for those without COPD [177]. COPD has also been found to be an 

independent predictor of in-hospital mortality or cardiogenic shock (adjusted odds ratio (OR), 

1.83) in patients with MI who underwent percutaneous coronary intervention [178]. In another 

study of over 8,000 patients with acute coronary syndrome, COPD was associated with greater 

incidence of heart failure and longer hospital stay, but not with in-hospital mortality [179].  

Exacerbations are thought to be closely linked to CVD, and it is likely that they contribute to an 

increased risk of CV events, which in turn may increase susceptibility to exacerbations. In the 

four-year UPLIFT study, it was found that the period immediately following an exacerbation was 

associated with increased risk of acute CV events [22]. Among 2,289 COPD patients, the relative 

risk of cardiac failure, MI and stroke were 10.71, 3.20 and 2.31 for the 180 days following their 

first exacerbation when compared to the 180 days prior [22]. This observation was confirmed in 

another study of over 25,800 COPD patients, which showed that there was a 2.27 fold increased 

risk of MI in the first five days following an exacerbation, and a 1.26 fold increased risk of stroke 

in the first 49 days [23].  Moreover, patients who experienced MI or stroke had a greater annual 

exacerbation frequency than those who did not.  
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Pulmonary embolisms are another complication of exacerbations that tend to lead to poor 

outcomes, although there is much variability in the prevalence of these [180, 181]. 

In the East London COPD Cohort, patients with comorbid ischemic heart disease had longer 

exacerbations, worse health status, increased dyspnea and a lower exercise capacity than patients 

without [182]. A small study of COPD patients undergoing echocardiography showed that those 

with diastolic dysfunction had a higher exacerbation frequency [183], and severe exacerbations 

have been associated with diastolic dysfunction in 30% of COPD patients [184]. Taken together, 

it is clear that there is a relationship between COPD exacerbations and CV comorbidity, however 

there is still a lack of understanding with regards to the mechanisms that may mediate this.  

 

2.8.1 Overview of shared risk factors of CVD and COPD 

Part of the natural history of CVD and COPD is attributed to the cumulative exposure to several 

risk factors. Among these, several major risk factors are shared include aging and senescence, 

lung function impairment, smoking, physical inactivity, hypertension, and exposure to certain 

environmental factors.  

 

2.8.1.1 Aging and senescence 

A common feature of most age-related diseases is chronic inflammation, which plays an 

important role in causing structural damage to organs and tissues [171]. While cumulative 

exposure to oxidative stress causes permanent DNA damage, which with telomere shortening, 

further impair repair processes [185].  
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There is a strong positive relationship between the prevalence of COPD and age [4]. Loss of 

elastic recoil and airspace enlargement occur as a natural part of aging in the lungs [186]. It is 

thought that COPD represents a condition of accelerated aging due to exposure to elevated levels 

of chronic inflammation and oxidative stress [187]. Circulating leukocytes, and alveolar epithelial 

and endothelial cells of COPD patients have been found to have shorter telomere lengths (a 

marker of aging) than those of healthy control subjects [188, 189]. When telomeres reach a 

critical length, cells enter cell cycle arrest known as senescence, which may be considered as 

“cellular aging” and leads to apoptosis. Cellular senescence can contribute to the progression of 

COPD by causing pulmonary epithelial and endothelial cell apoptosis, resulting in loss of 

alveolar cells and emphysema [190].    

 

Like COPD, the prevalence of CVD increases with age. The prevalence of CAD is 17-fold higher 

in subjects who are older than 65 years of age when compared to those who are 18-44 years old 

[191]. The Framingham study showed that the prevalence of chronic heart failure increases from 

0.8% to 4.9% in subjects 70-79 years old when compared to subjects 50-59 years, and this 

increases to 9.1% for those over 80 [192]. Like COPD, there is evidence that accelerated aging 

plays a role in the development of atherosclerosis and CVD.  Endothelial cell senescence is 

postulated to play a role in endothelial dysfunction and atherogenesis [193], and shortened 

leukocyte telomeres have been reported in association with large artery stiffness, a marker of CV 

risk, in patients with CAD [194].  

Therefore it seems that aging, both natural and accelerated, plays an important role in the 

pathogenesis of both COPD and CVD.  
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2.8.1.2 Lung function  

There is very strong epidemiological evidence supporting that decreased lung function, as what 

characterizes the progression of COPD, is a marker for CV mortality.  The NHANES I study 

showed that patients with low lung function had the highest risk of CV mortality independent of 

smoking status [167]. Moreover, risk of mortality from ischemic heart disease was over 5-fold 

greater for those in the lowest quintile of lung function than those in the highest. The Lung 

Health Study showed that every 10% decrease in FEV1 lead to a 28% increase in fatal coronary 

events and 20% increase in non-fatal coronary events in subjects with mild to moderate COPD 

[195]. The relationship between increased CV mortality with reduced lung function has been 

reported in many other studies, including the Framingham Heart Study and the Copenhagen 

Heart Study [196, 197].  

 

2.8.1.3 Smoking 

Cigarette smoking is the predominant risk factor for the development of COPD, and is a risk 

factor for CAD [198]. The population-attributable risk of smoking for the development of COPD 

is 51-70% [199]. There is a three to six-fold increase in the incidence of MI in chronic smokers 

than in never smokers [200]. The INTERHEART study showed that the population-attributable 

risk of a first MI due to smoking was 36% [201]. Post-mortem studies have shown that there is a 

causal dose-response relationship between cigarette smoking and the burden of atherosclerosis 

[202]. It seems that chronic lung exposure to small particles found in CS accelerates the 

progression of atherosclerotic plaque, independently of dyslipidemia, and this is most likely to be 

mediated by chronic lung and systemic inflammation [203]. 
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2.8.1.4 Physical inactivity  

Physical inactivity is a risk factor for decline in lung function and development of COPD, as well 

as for the development of CVD. A population-based study of 6,790 subjects showed that 

moderate to high levels of regular physical activity were associated with less decline in lung 

function and reduced risk of COPD among smokers over time [204]. It is thought that the anti-

inflammatory effects of physical activity may be responsible for this [205]. COPD patients tend 

to avoid exercise and adopt a sedentary lifestyle [206]. Exacerbations significantly impact 

physical activity, and contribute to the adoption of an inactive lifestyle [206]. Sedentarism leads 

to muscle disuses and the development of skeletal muscle dysfunction, and further overall 

impairment.  

Physical activity leads to several important protective mechanisms that help prevent CVD, 

including increased fibrinolysis, which decreases the risk of thrombus formation [207, 208], 

increased beneficial vascular remodelling [209], decreased blood pressure, and decreased low-

density lipoprotein (LDL) and cholesterol with increased high-density lipoprotein (HDL) [210-

212]. Moreover, physical activity decreases the risk of obesity. Consequently, when subjects are 

sedentary, they do not benefit from the protective effects of exercise and physical activity, and 

become at increased risk of developing COPD and CVD.  

 

2.8.1.5 Hypertension 

It is thought that 40-60% of patients with COPD are hypertensive [151]. There is a strong 

association between hypertension and COPD even in milder disease (GOLD stage 2) [151]. 

Chronically elevated blood pressure decreases vascular distensibility via increased collagen 

production and intima-media thickening, which can change the “mechanical resilience” of blood 
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vessels leading to increased pulsatile shear stress and pressure, which results in endothelial 

dysfunction and vascular disease [213, 214]. Indeed, the Framingham Heart Study provided 

strong evidence that elevated blood pressure is associated with significantly increased risk of 

CVD [215]. Sympathetic over-activation and decreased baroreflex sensitivity are common in 

COPD, and may contribute to increasing blood pressure [216, 217].  

 

2.8.1.6 Environmental factors 

As discussed, many different environmental factors are thought to contribute to COPD, whereby 

dust and air pollution (especially small particulate matter) exposure may be major contributors 

[4]. Air pollution [218], second-hand CS exposure [219], diesel exhaust fumes [220] have all 

been associated with increased risk of CV-events and mortality [221].  These environmental 

factors all lead to increased lung injury and inflammation, as well as systemic inflammation, 

which are known mechanisms that contribute to both COPD and CVD [203].  

 

2.8.2. Beyond shared risk factors- increased CV susceptibility in COPD 

Studies suggest that development of CV comorbidity in COPD goes beyond exposure to shared 

risk factors [186]. It is thought that inflammation, oxidative stress, and certain physiologic and 

metabolic factors may also contribute to the concomitant development of these two diseases. 

These processes have all been shown to be aggravated, or their progression accelerated, with 

repeated exacerbations.  
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2.8.2.1 Overview of inflammatory mechanisms 

Chronic inflammation, a key characteristic of COPD, plays an important role in the development 

of CVD [17]. As discussed, COPD is characterized by chronic inflammation, which increases 

with disease severity. Inflammation in the lung parenchyma leads to the activation of downstream 

inflammatory mediators, including acute phase proteins, cytokines and chemokines, while also 

stimulating the bone marrow to release leukocytes and platelets, which become activated in 

conjunction with the vascular endothelium [18]. These can in turn contribute to amplifying and 

aggravating pulmonary inflammation, which will further aggravate systemic inflammation and 

thereby initiate a detrimental inflammatory cycle [222]. As discussed, there is evidence to show 

that inflammatory mediators produced in the lungs in response to injury can escape into the blood 

stream and contribute to downstream inflammation [223]. This can then promote atherosclerotic 

progression and contribute to increased susceptibility to acute CV events.  

The rupture of vulnerable plaque leads to the partial or complete occlusion of an artery via 

thrombus formation, which typically results in an acute ischemic event [203]. Vulnerable plaques 

are characterized by having a large lipid core, thin fibrous cap and increased inflammatory 

content [224]. Neutrophils play an important role in mediating vulnerability, and it appears that 

neutrophil activation results from upstream inflammatory mediators [203]. As discussed, 

neutrophilia is an important part of the inflammatory response at exacerbation, and so, the 

contribution of exacerbations to increased CV susceptibility become clear.   

 

When considering specific inflammatory mediators, several key mediators have been well 

described in both diseases and more specifically, in COPD patients that have CV comorbidity. 

Circulating CRP levels are elevated in COPD patients in stable state and CRP is well known to be 

predictive of CV risk [225]. CRP is released under conditions of vascular injury and will bind to 
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injured tissue and activate the complement cascade resulting in endothelial damage and tissue 

inflammation [226]. CRP has adverse effects on vasomotor endothelial function as it inhibits 

endothelial NO synthase, which impairs vasorelaxation [226]. When in circulation, CRP can up-

regulate other inflammatory cytokines and interact with endothelial cells to stimulate IL-6 and 

endothelin-1 production [227]. CRP also inhibits fibrinolysis and induces the production of 

inflammatory factors that induce a pro-coagulated state, which is associated with increased risk 

of ischemic CV events and atherothrombotic events [228]. IL-6, typically elevated in COPD 

patients, becomes even more elevated in COPD patients with CVD [229], and frequent 

exacerbators have been found to have greater IL-6 levels than infrequent exacerbators [119]. At 

exacerbation, increases in serum IL-6 are associated with increases in plasma fibrinogen (an 

independent risk factor for CAD), which are in turn associated with more purulent and 

symptomatic exacerbations [75]. Fibrinogen is directly involved in atherosclerosis, by inducing 

plaque growth, stimulating platelet and leukocyte adhesion to the vascular endothelium and 

promoting smooth muscle proliferation and migration [230].  

In COPD patients, circulating monocytes are known to release greater quantities of matrix 

metalloproteinases (MMP), such as MMP-9, MMP-2 and elastases such as NE than in healthy 

controls, leading to a protease/anti-protease imbalance [231]. MMP-9, MMP-2 and NE also play 

an important role in the pathogenesis of atherosclerosis including plaque formation, 

destabilization and rupture, thrombus formation and vessel wall remodelling [186, 232].   

Overall, it is very likely that the inflammatory responses that occur during COPD exacerbations 

render the vasculature more vulnerable to injury and atherosclerotic plaque more susceptible to 

activation, rupture and thrombus formation [18]. Moreover, there is evidence that lung 

inflammation [233], and vascular activation and atherosclerosis induced through particulate 
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matter exposure can be attenuated by treatment with statins [234], which have also been shown to 

improve COPD symptoms and reduced exacerbation frequency [222]. 

 

2.8.2.2 Overview of oxidative stress mechanisms 

Oxidative stress plays an important role in the pathophysiology of COPD and CVD. Airway 

inflammation in COPD is associated with increased oxidative stress [115]. Reactive oxygen 

species induce oxidative injury to tissues that can result in pro-inflammatory mediator activation 

that act locally in the lung or systemically. Moreover, oxidative stress can induce lipid 

peroxidation [115], and oxidized LDL are important mediators of atherosclerotic progression via 

the up-regulation of adhesion molecules on the vascular endothelium [235]. Reactive oxygen 

species can also induce proliferation of vascular smooth muscle, endothelial cell apoptosis, 

activate MMPs as well as modulate vasomotor tone, which all contribute to atherosclerosis [236-

238].  As mentioned, oxidative stress increases significantly during exacerbations, and it is thus 

likely that these excess free radicals contribute to CV pathology in COPD patients susceptible to 

frequent exacerbations [116].  

 

2.8.2.3 Other physiologic and metabolic factors 

Hypoxia can occur in COPD either chronically or intermittently with exercise or exacerbation. 

Hypoxia may contribute to atherogenesis by inducing systemic inflammation and oxidative 

stress, causing increased macrophage lipid loading- resulting in foam cell production, 

upregulating the production of cell adhesion molecules and inducing hemodynamic stress [239, 

240]. Hypoxia, as well as hyperglycaemia and/or hyperinsulinemia- also common in COPD, can 

activate the renin angiotensin aldosterone system (RAAS) and expression of angiotensin type 1 
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receptor on vessel surfaces [213]. Over-stimulation of the RAAS can result in endothelial 

dysfunction by increasing the collagen content of the extracellular matrix and promoting vascular 

smooth muscle cell proliferation, which lead to persistent vasoconstriction [241, 242]. 

Abnormalities in the vessel walls such as increased arterial stiffness or endothelial dysfunction 

also contribute to the development of CV susceptibility in COPD. A detailed description of 

arterial stiffness is provided in section 2.8.3.3. The vascular endothelium is important for the 

regulation of blood flow, coagulation, fibrinolysis, and inflammation [30]. Endothelial 

dysfunction arises when there is an imbalance between factors with vasodilating, anti-mitogenic 

and antithrombotic properties and factors with vasoconstricting, prothrombic and proliferative 

properties [243]. Endothelial dysfunction is associated with atherosclerosis and other CV risk 

factors as well as being a predictor of CV events (which is discussed in section 2.8.3.2). The 

severity of airflow obstruction is an important determinant of endothelial function in COPD 

patients, and increased physical activity can favourably modulate this [244]. With inflammation 

and oxidative stress, advanced glycation end products can also impair endothelial function and 

induce inflammation [245]. These can bind to collagen via irreversible cross-link formation, 

which renders blood vessels more rigid and less elastic, and thereby contributing to CV 

remodelling. 

 

2.8.3 Overview of markers of CV risk in COPD  

In subjects at mid-to elevated CV risk, identifying early changes to the CV system prior to any 

major clinical events such as MI or stroke remains critical [213]. There are some subclinical 

markers of CV risk that have been validated such as measuring carotid intima-media thickness, 

endothelial function and arterial stiffness. Among these, arterial stiffness has been shown to have 
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a very strong predictive value for CV events beyond that of classical CV risk factors and appears 

to be most practical for the clinical setting [246, 247]. 

 

2.8.3.1 Carotid intima-media thickness 

Measuring the thickness of the carotid intima-media has been a validated and reliable marker of 

atherogenesis [248]. This involves scanning the carotid arteries using a high-resolution 

ultrasound and determining the mean maximal intima-media thickness. Data from the Rotterdam 

Study, a population-based analysis, showed that there is an association between COPD and 

carotid intima-media thickening [249], providing support for its use in monitoring atherogenesis 

in COPD. However, its routine use is limited by two major factors including its highly technical 

basis and the high cost of using an ultrasound [250].  

 

2.8.3.2 Endothelial function 

In COPD, the most commonly used technique to assess endothelial function is measuring flow-

mediated vasodilation after forearm or upper-arm occlusion [244, 251, 252]. Assessing 

endothelial function in peripheral vessels reflects endothelial function in the coronary vessels 

[253], and is predictive of CV events even in subjects without atherosclerosis [254, 255]. 

In COPD, endothelial dysfunction appears to be related to the severity of airflow obstruction, 

degree of emphysema, and increased inflammation [251]. Yet, Maclay et al. [30] showed that 

COPD is associated with increased arterial stiffness, without evidence of vascular dysfunction. 

They proposed that although abnormal endothelial function may occur in COPD patients, this 

likely results from the effects of age and CS-exposure, and so increased arterial stiffness in 

COPD could represent a mechanistic link between COPD and increased CV risk. Moreover, there 
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is evidence suggesting that flow mediated dilation may be unreliable when measured in stiffened 

arteries [256], and COPD patients have been shown to have significantly increased arterial 

stiffness [26-28]. As a result, measuring endothelial function in COPD may provide important 

information about vascular function, but may not be the best predictor of CV risk in this 

population. Furthermore, the lack of standardized measurement methods and the high cost of the 

systems used for measurement further limit the routine clinical measurement of endothelial 

function in COPD patients [213].  

 

2.8.3.3 Arterial stiffness 

Arterial stiffness, particularly that of the larger central vessels, has rapidly become recognized as 

an important predictor of CV events and mortality [257-260]. Stiffening of the large arteries 

occurs naturally with aging through the deterioration of the media and increased vessel-wall 

collagen content. This may be accelerated with cumulative exposure to factors such as 

hypertension, oxidative stress and chronic inflammation [213]. This induces structural and 

functional changes to the heart by increasing the load imposed on the ventricles leading to cardiac 

hypertrophy [259, 261]. Moreover, stiffer vessels cause the pressure wave reflected at peripheral 

arteries to return to the heart prematurely during systole rather than during end-systole or early-

diastole, and as a result, it no longer contributes to helping with cardiac perfusion [261]. Elevated 

central pulse pressures can also damage small arterial vessels by exposing them to large pressure 

fluctuations, leading to target organ damage such as in the kidneys or brain [259].   

Therefore, increased arterial stiffness is a precursor to atherosclerosis and represents a useful 

subclinical marker of CV risk, particularly in COPD [213]. There are now many studies that have 

addressed and support the use of arterial stiffness in COPD in the clinical setting and as an 
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objective and reproducible outcome in clinical trials [24, 25, 27, 28, 32, 213, 262-266]. In COPD, 

increased arterial stiffness has been associated with disease severity [26], the degree of airflow 

obstruction [28, 29, 31, 267-270], inflammation and oxidative stress [27, 28], the degree of 

emphysema [28], systemic elastin degradation [29], age, blood pressure and aortic calcification 

[32]. As mentioned, increased arterial stiffness in COPD can occur independently of endothelial 

dysfunction [30], and so it may be abnormalities in the extracellular matrix of large vessels that 

contribute to stiffening. 

 

Recent studies have shown that it may be possible to modify arterial stiffness in COPD patients 

via endurance training [262], pulmonary rehabilitation [271], inhaled therapies [272] or oxygen 

supplementation [273]. Consequently it represents an attractive outcome to assess in the context 

of CV risk and COPD. 

 

To date only one study has been published on arterial stiffness and COPD exacerbations. Patel et 

al. [31] showed that there is an acute increase in aortic PWV, a marker of arterial stiffness, during 

community-treated exacerbations. They showed that it may take up to 35 days or more for aortic 

PWV to return to stable state levels, and that in stable state, aortic PWV was higher in subjects 

who frequently exacerbated (≥ 2 exacerbations/previous year) than in infrequent exacerbators. 

Furthermore, increases in aortic PWV at exacerbation were related to inflammation and 

associated with myocardial injury (as measuring using cardiac inflammatory markers).      
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2.8.3.3.1 Measurement of arterial stiffness 

The most simple and reproducible non-invasive method of assessing arterial stiffness is to 

measure the arterial waveform (obtained by applanation tonometry), from which can be derived 

PWV [259, 274]. Applanation tonometry is a well established technique used to measure multiple 

parameters of arterial stiffness and is based on the principle that when the curved surface of an 

artery is partially flattened by a tonometer (pressure sensor), pressures are normalized and can be 

accurately recorded by the tonometer [275].  

 

PWV is inversely related to arterial distensibility and represents the speed of the pressure wave 

travelling through the arteries. Cf-PWV is considered the ‘gold-standard’ measurement of aortic 

stiffness [259, 274]. Measured along the aortic and aorto-iliac pathway, it is the most clinically 

relevant estimate of arterial stiffness, as the aorta and its first branches are responsible for most 

severe pathophysiological implications of arterial stiffness. Cf-PWV is an important determinant 

of both left ventricular function and coronary blood flow, and is associated with aortic elasticity 

and thickness [276]. It has been used extensively and has the greatest epidemiological evidence to 

support its predictive value for cardiovascular events in the general and diseased populations 

[258-260, 277-289]. In addition to PWV, arterial stiffness can be assessed by pulse wave analysis 

(PWA), which measures several parameters of arterial stiffness, as well as central blood pressure; 

these include augmentation pressure (AP), augmentation index (AIx), central pulse pressure (PP), 

and central systolic pressure. The pressure waveform recorded along the arterial tree is the sum of 

the forward-traveling waveform (generated by ejection), and the backward-traveling wave (the 

‘echo’ of the forward-traveling wave that is reflected as it encounters narrower vessels at 

peripheral sites).  
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2.8.4 Summary 

The development of CV comorbidity in COPD, and vice versa is partly due to exposure to 

common risk factors. However, it is also clear that there is a susceptibility for these conditions 

that go beyond exposure to shared risk factors, and that although there is still much research 

needed to elucidate what this may be, it is thought that inflammation, oxidative stress and other 

physiologic and metabolic factors may play a role. There is much evidence that measuring CV 

risk in COPD provides important information on the CV status of patients. Measuring arterial 

stiffness by assessing cf-PWV provides a useful means to predict CV risk in COPD, as well as 

representing a modifiable outcome. There are many plausible links between COPD and increased 

arterial stiffness. Exacerbations likely have an impact on arterial stiffening, however it is not yet 

clear whether the observed relationship between exacerbation frequency and arterial stiffening 

persists over time, and what the long-term determinants of increases in arterial stiffness following 

exacerbations may be.   
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CHAPTER 3: RATIONALE, OBJECTIVES AND HYPOTHESES 

3.1 Rationale 

As discussed in chapter 2, COPD exacerbations have significant impacts on patient health 

outcomes and wellbeing, as well as on the healthcare system. The consequences of these manifest 

themselves through changes in inflammatory mediator expression, to the altered function of other 

organ systems, to increasing the healthcare burden of COPD at the populational level.  

 

 Given the complexity and heterogeneity of COPD and its exacerbations, it is important to 

consider the influence that these different impacts have on one another and on the course of COPD 

itself. One way to do this is by employing a translational approach to research. This may involve 

integrating and translating the impacts of exacerbations at different levels (e.g. cellular, 

physiologic, etc.) but it may also involve taking into account the range of persons who are affected 

by exacerbations; from individuals with mild and asymptomatic disease to those heavily burdened. 

The latter consideration is a challenge, as most subjects who are included in studies are those 

being treated for their COPD who already have advanced disease. However, given the right 

research platform, such as a population-based cohort, one may gain access to those subjects with 

undiagnosed COPD. This group of individuals offers a unique opportunity to assess the factors 

that render subjects susceptible to exacerbations and to better understand the impacts of these 

events on various health outcomes, disease progression and healthcare utilization. The link, or 

translation, of this information must then be made to those subjects who have advanced disease. 

These are the subjects with the worst health outcomes and quality of life, who most need treatment 

to control their COPD and associated comorbidities. By looking at the molecular, cellular and 

biological impacts of exacerbation on more severe subjects, the identification of novel therapeutic 

targets becomes possible, in addition to providing more information on the pathogenesis of this 



 50 

disease. By considering all of this together, it becomes clear that translational research can act as a 

bridge between different systems and populations and thereby allowing for a more complete 

understanding of the impacts of COPD exacerbations to be gained.  

 

This research thesis addresses several key research questions using a translational 

approach in 2 research projects. The first project was an analysis of the existing population-based 

CanCOLD cohort study, and the second project was a local study of severe COPD patients who 

were hospitalized for acute exacerbations and followed for six months. This allowed for the 

assessment of the impacts of exacerbations from inflammation, to CV outcomes, to populational 

healthcare impacts in patients from opposite spectrums of disease; thus fulfilling the “bench to 

bedside” requirements of translational research. 

 

3.2 Objectives and hypotheses 

The general objectives of this thesis were to adopt a translational research approach in order to 

better understand the consequences of COPD exacerbations on inflammation, cardiovascular 

comorbidity and populational burdens among patients with varying disease severity. More 

specifically, this thesis had four main research objectives, which are addressed in four different 

manuscripts within this thesis.  

 

Research objective 1 (manuscript 1): populational impacts 

The overall objective was to assess exacerbation-like respiratory events in a subset of subjects 

with diagnosed and undiagnosed COPD belonging to a population-based cohort. The specific 

objectives were to assess in subjects with undiagnosed COPD and those having received a 
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previous physician diagnosis who are part of a population-based sample of subjects 40 years and 

older: 1) whether there are differences between the characteristics of subjects in these two 

subgroups at study entry, and between subjects from these subgroups who report exacerbation-

like respiratory events; 2) the proportion of subjects reporting exacerbation-like respiratory 

events in these two subgroups, and whether there are differences in the odds of using medications 

or health services, e.g., using medication, physician and hospital emergency department visits and 

admissions. It was hypothesized that there would be a high number of subjects with undiagnosed 

COPD who have characteristics at study entry that are milder and less symptomatic, and that the 

proportion of subjects reporting exacerbation-like events would be lower among these subjects 

than those with diagnosed disease, but that the factors associated with reporting exacerbation like 

events would be similar between these two groups, despite a lower use of health services by 

undiagnosed subjects.  

 

Research objective 2 (manuscript 2): cardiovascular impacts 

The overall objective was to assess during exacerbations requiring hospitalization and 

subsequent recovery, the course of change in a measurement of arterial stiffness; and to identify 

several physiological and clinical variables that can predict increases in arterial stiffness over 

time in subjects with severe COPD and at elevated CV risk. The specific objectives were to: 1) 

to assess the extent of change of cf-PWV and pressure measurements over the time course and 

recovery of severe exacerbations requiring hospital admission and its relationship with 

exacerbation frequency; and 2) to assess whether previously studied clinical variables such as 

lung function, as well as laboratory variables that have not yet been studied such as blood cell 

counts, lipids and electrolytes over time can predict increases in cf-PWV over time. It was 
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hypothesized that patients who experience COPD exacerbations requiring hospital admission 

have increases in cf-PWV and associated pressures during exacerbation; and that some subjects 

will have continued increases in arterial stiffness following exacerbation that may be predicted by 

certain clinical factors. 

 

Research objective 3 (manuscript 3): inflammatory impacts 

The overall objective was to assess RelB expression, an NF-κB family member and suppressor 

of pulmonary inflammation, relative to other markers of inflammation as well as its association 

with CV and pulmonary features of COPD patients at stable-state and exacerbation. The specific 

objectives were to: 1) assess systemic RelB mRNA expression relative to other inflammatory 

markers relevant to both COPD pathogenesis and whose expression is regulated by RelB (e.g. 

Cox-2, IL-8, IL-1β) in stable-state and exacerbating COPD patients; and (2) assess associations 

between these two subject groups in relation to acid-base, cardiovascular and pulmonary patient 

variables. It was hypothesized that systemic RelB expression is reduced compared to that of 

other pro-inflammatory mediators at exacerbation when inflammation is typically increased, and 

is associated with CV outcomes in COPD, particularly at exacerbation.   

  

Research objective 4 (manuscript 4): inflammatory impacts 

The overall objective was to evaluate the course of change in the lung-specific inflammatory 

markers CC-16 and SPD as well as the novel marker RelB during severe COPD exacerbations 

and subsequent recovery in association with changes in cf-PWV. The specific objectives were to: 

1) assess the course of change in CC-16, SPD, and RelB protein concentrations over the time 

course of exacerbations that require hospitalization, and their subsequent recovery; 2) determine 
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whether increases in CC-16, SPD and RelB protein concentrations are associated with changes in 

cf-PWV over time; and 3) determine whether increases in CC-16, SPD and RelB protein 

concentrations are associated with increased risk of subsequent exacerbations during follow-up. It 

was hypothesized that systemic alterations in CC-16, SPD and RelB are associated with changes 

in cf-PWV over time, and that CC-16 and SPD are associated with increased exacerbation 

frequency during follow-up.  
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CHAPTER 4: POPULATIONS & STUDY DESIGNS 

4.1 Study 1: the CanCOLD study 

4.1.1 Study settings and ethical considerations 

The first manuscript of this thesis is an analysis of 545 subjects that is embedded within the 

existing prospective multi-center population-based CanCOLD study. CanCOLD was built on the 

previously ongoing cross-sectional COLD study that employs the methodology of the 

international BOLD initiative. CanCOLD is the first population-based longitudinal study on 

COPD in Canada with the aim of better understanding the heterogeneity of COPD and its 

progression. It is carried out through nine sites across including: Calgary, Halifax, Kingston, 

Montréal, Ottawa, Québec, Saskatoon, Toronto and Vancouver, and is funded by the Canadian 

Institute of Health Research (CIHR/Rx&D Collaborative Research Program Operating Grants- 

93326). Research Ethics Boards approval was provided for all sites and all subjects provided 

written informed consent via the approved consent form (Appendix I). 

 

4.1.2 Eligibility criteria and subject selection 

Subjects, including both men and women, who are 40 years and older were identified by random 

telephone digit dialling by NRG Research Group (Vancouver, BC, Canada) and invited to 

participate in the study. The CanCOLD cohort comprises of two COPD balanced subsets (GOLD 

1 or GOLD 2 and higher) and two subsets of subjects without COPD (normal (healthy, never-

smokers, no signs of airflow obstruction), and at risk (ever-smokers, no signs of airflow 

obstruction)), all matched for age and sex. Post-bronchodilator spirometry was used to classify 

participants into one of four disease status groups and COPD was defined based on the GOLD 

definition FEV1/FVC <0.70. For the analysis included in this thesis a subset of 545 subjects were 
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selected because they had at least twelve months of exacerbation questionnaire (Appendix II) 

follow-up and had either been previously diagnosed by a Physician as having COPD or had never 

received such a diagnosis, but upon study entry, had evidence of spirometrically defined COPD. 

 

4.1.3 Study design and follow-up 

Study participants undergo several measurements during study visits including: questionnaire 

completion, pulmonary function test and field and laboratory exercise assessment, CT scanning 

of the chest, and blood sample collection. Study visits are conducted initially at study entry and 

then every eighteen months thereafter. In addition to this, follow-up of exacerbation-like 

respiratory events is conducted using a questionnaire that is administered by online and/or 

telephone interview every three months.   

 

4.2 Study 2: COPD exacerbations: Understanding the course of change and recovery in 

extra-pulmonary outcomes 

 

4.2.1 Study settings and ethical considerations 

The other three manuscripts included in this thesis were based on a local observational study that 

monitored changes in arterial stiffness, circulating inflammatory mediator concentrations and 

other clinical and physiological measurements during the time course of an exacerbation and 

subsequent recovery in COPD patients. This study was conducted from August 2012 to August 

2014 at the MCI. It was funded as an investigator initiated grant by GSK Canada. The study 

protocol was approved by the McGill University Faculty of Medicine Institutional Review Board.  

Written informed consent was obtained from all study participants (Appendix I).  
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4.2.2 Eligibility criteria and subject selection 

Patients were recruited between August 2012 and August 2013 with the following eligibility 

criteria: 1) admitted to the MCI with COPD exacerbation as a primary diagnosis requiring 

treatment with antibiotics and systemic corticosteroids; 2) a known history of CVD or CV risk 

factors; 3) regular medication use to treat their COPD. A subset of patients with a known history 

of frequent exacerbations (≥2/year) and CVD/CV risk factors, who were admitted to the day-

hospital at the MCI with a COPD exacerbation, were also recruited. Patients were excluded from 

the study if they presented the following criteria: 1) acute medical condition other than COPD 

exacerbation (cancer, ischemic heart event, etc.); 2) unwillingness/inability to sign consent form. 

 

A total of 70 patients were recruited including: 40 hospitalized patients, and 30 patients recruited 

prior to hospitalization at the day-hospital at the MCI. However, 12 of the day-hospital patients 

refused to participate in the study after enrollment, and so a total of 58 patients were included in 

final analyses. 

 

4.2.3 Study design and follow-up 

This study was a prospective observational study. Table 4.1 shows the study follow-up schedule. 

Initial patient assessments were conducted within 48 ± 24 hours of hospital admission, followed 

by every 72 ± 24 hours during hospitalization, and once discharged, they were follow every week 

up to one month (since initial assessment). Follow-up assessments were conducted at three (± 2 

weeks) and six (± 4 weeks) months. In the subset of patients with a known history of frequent 

exacerbations, an additional stable-state assessment was carried out prior to the exacerbation 

assessments. If patients were re-hospitalized within 30 days of discharge, the measurement 
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protocol outlined was repeated for the assessments undertaken during hospitalization (every 72 ± 

24 hours, and every week for 1 month). For the three- and six-month post-exacerbation 

assessments, the timeline was based on the initial hospitalization event of the patient (i.e. first 

exacerbation), so that each patient had a total follow-up period of six months.  

 

Table 4.1: Study follow-up schedule 

Measurement points Hospitalized patients Patients with a history of frequent 

exacerbations (day-hospitalized) 

1 ----  Baseline (prior to an exacerbation) 

2 Within 48 ± 24 hours of hospitalization due 

to an exacerbation  

Within 48 ± 24 hours of hospitalization 

due to an exacerbation 

3 Every 72 ± 24 hours during hospitalization  Every 72 ± 24 hours during 

hospitalization  

4 Every week for 1 month, after the 

beginning of an exacerbation 

Every week for 1 month, after the 

beginning of an exacerbation 

5 1 month after the beginning of the 

exacerbation  

1 month after the beginning of the 

exacerbation 

6 3 (± 2 weeks) months after the beginning of 

the exacerbation 

3 (± 2 weeks) months after the beginning 

of the exacerbation 

7 6 (± 4 weeks) months after the beginning of 

the exacerbation 

6 (± 4 weeks) months after the beginning 

of the exacerbation 
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CHAPTER 5: MANUSCRIPT 1 “EXACERBATIONS IN UNDIAGNOSED CHRONIC 

OBSTRUCTIVE PULMONARY DISEASE GREATLY IMPACT USE OF HEALTH 

SERVICES: THE CANCOLD STUDY” 

 

PREFACE TO MANUSCRIPT 1 

This manuscript is based on an analysis of exacerbation-like respiratory events in a subset of 

subjects participating in the existing Canadian Cohort Obstructive Lung Disease study. These 

subjects were selected as they had twelve months of exacerbation follow-up and had either 

previously received a physician diagnosis of COPD, or had not, but had evidence of 

spirometrically defined COPD at study entry.  

Exacerbations are the principal contributor to the global burden of COPD. Despite their impact 

on patients and the healthcare system, COPD remains a significantly under-diagnosed disease [9, 

290]. Little is known about subjects with undiagnosed COPD in the population and their potential 

contribution to the burden on the healthcare system. This study is the first to compare the 

characteristics of subjects with diagnosed and undiagnosed disease within a population-based 

cohort, and to identify those characteristics associated with reporting exacerbation-like events. It 

is also the first estimate of the proportion of subjects reporting exacerbation-like events among 

these subjects and report on health service utilization. 

 

The references in the following manuscript have been renumbered and are included in the 

combined bibliography at the end of this thesis in numerical order following the sequence in 

which they appear throughout the entire thesis. Previously defined acronyms within this thesis are 

redefined within this manuscript as it has been formatted for submission to the European 

Respiratory Journal. The questionnaire used in this analysis is found in Appendix II. 
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ABSTRACT 

Background: Many individuals with airflow obstruction never get diagnosed with chronic 

obstructive pulmonary disease (COPD), and are susceptible to exacerbation-like respiratory 

events that might impact health and burden the healthcare system. 

Objectives: Differences between characteristics of subjects with undiagnosed and diagnosed 

COPD were assessed. Characteristics associated with reporting exacerbation-like respiratory 

events, proportions of subjects reporting events, and differences in the odds of using medication 

and/or health services were determined.  

Methods: Subjects sampled from the general population participating in the Canadian Cohort 

Obstructive Lung Disease (CanCOLD) study, with at least 12 months of exacerbation-like event 

follow-up who were classified as having physician-diagnosed or undiagnosed COPD were 

assessed. Exacerbation-like events were captured using a questionnaire administered every three 

months. 

Results: 355 subjects were undiagnosed, while 190 were diagnosed. Undiagnosed subjects were 

less symptomatic and functionally impaired, prescribed fewer respiratory medications, and had 

better health-related quality of life. Frequency of reported exacerbation-like events was 50% 

higher in diagnosed subjects, and increased in both groups with disease severity. Lower health 

status was associated with reporting events in both groups, while impacts on medication use was 

greater in diagnosed subjects. Despite this, health service utilization was similar between groups.  

Conclusion: Undiagnosed subjects represent a significant proportion of individuals, who are less 

symptomatic and impaired, which may partly explain lack of diagnosis. Remarkably, they 

contribute similarly to the healthcare burden of COPD in Canada as diagnosed subjects; ensuring 

accurate diagnosis is important while emphasizing exacerbation-therapy prevention.  
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INTRODUCTION 

The natural course of chronic obstructive pulmonary disease (COPD) is perturbed by episodes of 

acute symptom worsening, known as exacerbations [74]. These events are associated with 

accelerated lung function decline [12], impaired health status [11, 291], increased hospitalization 

[10], and increased mortality [13]; as a result, they contribute greatly to the increasing cost and 

burden of COPD [292]. Exacerbations are most commonly caused by viral and/or bacterial 

infections [293], and become more frequent as disease progresses [12, 293, 294].  

 

The longitudinal ECLIPSE cohort study showed that, among COPD patients, there is a stable, 

independent “exacerbation-susceptibility” phenotype [85]. Accordingly, the best way of identifying 

subjects susceptible to exacerbations is through their exacerbation history, where frequent 

exacerbations predict risk of future events. To date however, most studies on exacerbations have 

focused on diagnosed and treated patients. As a result, there is a lack of knowledge and 

understanding of the impacts of these events in people with undiagnosed COPD, who may have 

milder and less symptomatic disease, but may still be affected by the consequences of these acute 

respiratory events, and importantly, contributing to their burden.  

 

Hill et al., [290] found that in the Canadian primary care setting, approximately 20% of patients 

aged 40 years and older with at least 20 years of smoking history had COPD, but that among these, 

only 30% were previously diagnosed. Untreated and uninformed individuals about their disease and 

exacerbation management may experience recurrent exacerbations leading to increasing emergency 

room visits and hospitalizations [295]. Little is known about subjects with undiagnosed COPD in the 

population and their potential burden on the healthcare system, especially how their exacerbations 

impact health service utilization compared to individuals having received a physician diagnosis of 
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COPD. Being able to recognize characteristics associated with an inherent susceptibility to 

exacerbations [85] in undiagnosed subjects could help design and implement new approaches to 

identify these individuals for early disease management to reduce exacerbations and related 

complications, as well as providing new insight into why these individuals remain undiagnosed. 

 

In this study, we evaluated subjects aged 40 years and older participating in the population-based 

Canadian Cohort Obstructive Lung Disease (CanCOLD) study who had spirometrically-defined 

airflow obstruction in order to compare the demographic and clinical characteristics of the two 

subgroups, with and without a prior self-reported physician diagnosis COPD. In particular, we 

compared the proportion of subjects who report symptom-based and event-based exacerbation-

like respiratory events in these subgroups. We also determined the clinical factors, patient–

reported outcomes, medication and health service use associated with exacerbation-like events in 

these subgroups. 

 

 

METHODS 

 

Study design and subjects 

 

Data from 1532 people from the general population aged 40 years and older participating in the 

prospective longitudinal CanCOLD study were initially evaluated. To address the aims of our 

analysis, data from a subset of subjects with at least 12 months of exacerbation follow-up who 

had either received a previous physician diagnosis of COPD or who had not, but had evidence of 

spirometrically defined COPD at study entry, were analyzed. The details of the study design and 

protocol have been previously published [296]. The CanCOLD study was built on the cross-
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sectional population-based COLD study which utilized the study protocol from the global Burden 

of Obstructive Lung Disease (BOLD) initiative [35]. All patients provided written informed 

consent, and the study was approved by relevant ethics and review boards.  

 

Briefly, subjects 40 years and older were identified by random telephone digit dialling by NRG 

Research Group (Vancouver, BC, Canada) and invited to attend a clinic visit at one of nine sites 

across Canada to complete interviewer-administered questionnaires and perform pre and post-

bronchodilator spirometry. Subjects were classified as having COPD based on the Global 

Initiative for Obstructive Lung Disease (GOLD) definitions for spirometrically defined COPD 

with post-bronchodilator forced expired volume in one second (FEV1) to forced vital capacity 

FVC ratio  <0.70 [74]. Subjects were grouped into one of four disease status groups: normal 

(healthy, never-smokers, no signs of airflow obstruction), at risk (ever-smokers, no signs of 

airflow obstruction), GOLD 1 and GOLD 2 or higher.  

 

Full subject assessments were performed every 18 months (see Bourbeau et al., [296], for full 

details). Additionally, a questionnaire administered by telephone interview or online every three 

months for a period of 12 months was used to capture exacerbation-like respiratory events.  

  

“Exacerbation” definition 

Exacerbation-like respiratory events were the main outcome for this analysis. In the CanCOLD 

study two different operational definitions were used (table 5.1).  The definition could be 

‘symptom-based’, requiring a change in at least one major symptom (dyspnea, sputum purulence, 

sputum volume), or ‘event-based’, requiring symptom change and use of medication/health 
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services. The purpose of using both definitions was to capture all types of respiratory episodes, 

with varying levels of severity (requiring treatment or not), in the cohort.  

 

Method of measurement of exacerbation-like respiratory events 

Exacerbation-like respiratory events were captured using a questionnaire administered every 

three months by telephone interview or online. This questionnaire included questions on 

respiratory symptoms and their duration, medication use, impact on work 

absenteeism/presenteeism, and healthcare resource utilization. It was developed to minimize 

recall bias, based on previously used questionnaires that measured exacerbations in large cohorts 

[83, 84, 297, 298]. If subjects reported having experienced at least one major symptom that 

persisted for at least two days, this was identified as an exacerbation-like event, which was then 

classified as being either symptom-based or event-based using criteria outlined in table 5.1. 

 

“Undiagnosed” and “diagnosed” COPD definitions 

COPD was defined spirometrically (post bronchodilator FEV1/FVC<0.7). Subjects with 

spirometrically defined COPD who reported having received a previous physician-diagnosis of 

COPD upon entering the CanCOLD study were identified as “diagnosed” subjects, and subjects 

with spirometrically-defined COPD, who never received a diagnosis of COPD prior to entry in 

the CanCOLD study, were identified as having “undiagnosed” COPD. 

 

Statistical analysis 

Descriptive statistics are shown as counts and percentages for categorical data and means and 
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standard deviations (SD) for continuous variables. T-tests (normal continuous variables) or 

Wilcoxon signed rank test (not normal continuous variables) or Chi-square test (categorical 

variables) were two-tailed in nature; we considered a p-value of 0.05 or less to be significant. 

Only spirometric data that fulfilled the American Thoracic Society acceptability and repeatability 

criteria were used for analyses. To determine factors associated with reporting exacerbation-like 

events, exacerbations were analyzed as a binary variable (a patient did have or did not have an 

exacerbation during year 1), and a univariate and multiple logistic regression analyses were used. 

Adjusted odd ratios (OR) and 95% confidence intervals (CI) were estimated adjusting for sex, 

age, body mass index (BMI), and smoking history. All statistically significant factors in the 

univariate model were then included in a stepwise logistic model to explore the predictors of an 

exacerbation in the first year. To determine determinants and impact/outcomes of susceptibility to 

exacerbation-like respiratory events, multiple logistic regression analyses were used. Adjusted 

ORs and 95% CIs were estimated adjusting for sex, age, BMI and smoking history. All analyses 

were performed using statistical software (Statistical Analysis Software, V.9.1; SAS Institute; 

Cary, North Carolina, USA). 

 

RESULTS 

 

This analysis included 545 CanCOLD participants who had at least 12 months of exacerbation 

follow-up using questionnaire evaluation (table 5.2). These subjects included 190 individuals 

with diagnosed COPD and 355 individuals with undiagnosed COPD; that is about two-thirds of 

subjects with spirometrically-defined COPD were not diagnosed by their physician. 

“Undiagnosed COPD” included more men, while “diagnosed COPD” included more women.   
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Characteristics of subjects with undiagnosed and diagnosed COPD at study entry  

Table 5.2 shows differences in demographic, lung function, disease status, and clinical 

characteristics at study entry between subjects with undiagnosed and diagnosed COPD, and 

between subjects who reported exacerbation-like respiratory events during prospective follow-up 

in these subgroups. Compared with diagnosed subjects, undiagnosed subjects included fewer 

ever-smokers, with lower lifetime exposures to tobacco smoking, better lung function and less 

severe COPD, had fewer comorbidities and used fewer respiratory medications.  

 

Factors associated with reporting exacerbation-like respiratory events in subjects with 

undiagnosed and diagnosed COPD  

Among individuals who reported exacerbation-like events during follow-up, undiagnosed 

subjects tended to be less dyspneic, have better health-related quality of life, better physical 

health status, and less anxiety than diagnosed subjects (table 5.3). Table 5.4 shows factors 

significantly associated with increased odds of reporting exacerbation-like respiratory events 

during prospective follow-up, whether using a symptom-based or event-based definition (see 

supplementary table 5.1 for all factors considered). For both subgroups, reporting exacerbation-

like events was associated with lower health status. Factors associated with reporting 

exacerbation-like respiratory events only in undiagnosed subjects included decreased lung 

function, and reporting allergy and anxiety comorbidities. Factors associated with reporting 

exacerbation-like respiratory events only in diagnosed subjects included increased dyspnea, a 

history of exacerbation-like events at study entry, and reflux-heartburn. 
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Proportion of subjects reporting exacerbation-like respiratory events and differences in 

medication and health service utilization between subjects with diagnosed COPD and those 

with undiagnosed COPD who report exacerbation-like respiratory events 

Figure 5.1 shows the proportion of subjects (undiagnosed and diagnosed) who reported at least 

one exacerbation-like respiratory event during 12 months of follow-up, defined by symptom-

based or event-based criteria. Symptom-based exacerbation-like events were reported by a higher 

proportion of subjects overall. Undiagnosed subjects reported approximately 50% fewer 

exacerbation-like events than diagnosed subjects regardless of which definition is used. The 

proportion of reported events increased with disease severity regardless of definition or diagnosis 

status.  

 

Figure 5.2 shows a comparison between the odds of medication or health service utilization in 

diagnosed subjects compared to undiagnosed subjects (reference group), who reported 

exacerbation-like respiratory events during prospective follow-up. Subjects with diagnosed 

COPD had increased odds of reporting increased medication use at study entry, and increased 

antibiotic and/or prednisone use to treat exacerbation-like events. However, there are no 

statistical differences between subjects with diagnosed and undiagnosed COPD in terms of the 

odds of using health services to treat exacerbation-like events, including hospitalizations, 

emergency room visits and doctor visits.  

  

DISCUSSION  

In this population-based study of subjects with undiagnosed and diagnosed COPD, we 

show that subjects who never received a physician-diagnosis of COPD, despite having 

spirometric evidence of airflow obstruction, have milder obstruction, are less symptomatic, have 
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better patient reported outcomes, and are less likely to be treated with respiratory medication than 

subjects with diagnosed COPD. However, like diagnosed subjects, undiagnosed subjects who 

report exacerbation-like respiratory events have lower health-related quality of life, in addition to 

also having more allergy, anxiety and depression, and lower lung function than subjects not 

reporting events. Undiagnosed subjects also report fewer exacerbation-like respiratory events and 

are less likely to be treated with antibiotics and prednisone for these. Despite this, remarkably, 

they use health services in an equivalent manner as subjects who receive a previous COPD 

diagnosis. As such, subjects with undiagnosed COPD contribute to a similar extent as subjects 

with diagnosed COPD to the healthcare burden of COPD in Canada.   

 

CanCOLD is the first prospective, longitudinal, population-based cohort designed specifically to 

study COPD. It offers a unique opportunity to assess the consequences of this disease on 

members of the population at large, the gap in the clinical practice of undiagnosed COPD and its 

potential consequences. Exacerbations are one of the most important factors determining 

functional impairment and health status [11, 12]. Furthermore, it is the primary cause of hospital 

admission among major chronic diseases as recently demonstrated from the Canadian Institute 

for Health Information [47]. Unsurprisingly, the most likely cause for hospital admission is 

delayed treatment and management of exacerbations [117]. 

  

We found that the proportion of reported exacerbation-like respiratory events was lower among 

subjects with undiagnosed COPD than among those with a physician diagnosis. COPD 

exacerbations may be a trigger for patients to come to the attention of the healthcare system and 

for a physician to consider the diagnosis of COPD. Exacerbation prevalence is well known to 

increase with disease severity [4, 12, 293, 294]. In our analysis, at study entry, undiagnosed 
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subjects were less symptomatic and less impaired in terms of lung function, comorbidities, 

health-related quality of life and other psychosocial attributes. This could explain a lower 

proportion of patient-reported events. Other studies have found that subjects with undiagnosed 

COPD have fewer symptoms, better health status, milder airflow obstruction, and fewer 

comorbidities than diagnosed patients [299-302]. Most individuals seeking healthcare that could 

lead to an initial COPD diagnosis tend to do so because they are experiencing debilitating 

dyspnea [4], a major risk factor for exacerbations [303]. This may explain why milder less 

symptomatic subjects remain undiagnosed.  

 

Having lower health-related quality of life was associated with increased odds of reporting 

exacerbation-like events for both subject subgroups. Frequent exacerbators (experiencing both 

treated and untreated events) have been shown to have poorer health-related quality of life in 

general [11, 136, 137]. Even individuals with unreported exacerbations tend to have lower health 

status [56]. Thus our finding is not surprising, and further supports the detrimental impacts of 

exacerbations on health status. Our findings also showed that reporting exacerbation-like events 

was associated with lower lung function, allergy, anxiety and depression in undiagnosed subjects; 

and increased dyspnea, a history of exacerbations, and reflux/heart burn in diagnosed subjects. 

All of these factors except allergy, anxiety and depression were among those identified in the 

ECLIPSE study [85] as being associated with increased risk of exacerbations. This difference 

with regards to undiagnosed subjects may relate to their milder and less symptomatic disease 

state. It is likely that anxiety and depression result from experiencing exacerbation-like events 

and unmanaged symptoms. In diagnosed subjects, having reflux/heartburn may be related to a 

more advanced, and comorbid-associated disease status. Overall, our data lends further support 

that there are intrinsic risk factors associated with exacerbation susceptibility among subjects 
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with more severe airflow obstruction. Yet it remains to be determined how these change over 

time in milder subjects.  

 

Although it is not surprising that subjects with diagnosed COPD report more medication use at 

study entry and to treat exacerbation-like events, it is quite surprising that the odds of using 

health services during exacerbation-like events were similar to those of subjects with 

undiagnosed disease. Intriguingly this suggests that these subjects with COPD, could be admitted 

to hospital, visit the emergency room or their doctors for treatment of exacerbation-like events 

regardless of diagnosis status. Moreover, even individuals with “milder” COPD, who are less 

symptomatic and less functionally impaired, contribute significantly to the burden of 

exacerbations. This highlights an important consequence of COPD. It also suggests that there is a 

challenge for the management of exacerbation-like events and COPD by healthcare providers, 

resulting in an increased healthcare burden with potentially serious economic consequences. 

Hospital admissions for COPD exacerbations in Canada typically result in a 10-day hospital stay, 

costing $10,000 per stay, totalling approximately $1.5 billion a year [49]. Yet, the most effective 

way of reducing hospital admissions for COPD remains exacerbation prevention through 

appropriate use of preventive inhaled medication and disease management by the healthcare team 

and patient. Globally, approximately 50% of subjects with COPD remain undiagnosed [35], and 

COPD prevalence is expected to continue to rise [4]. In Canada, the COPD prevalence study 

COLD showed that COPD prevalence was approximately 4-times greater than previously thought 

(16.4%) [9]. Correct COPD diagnosis would ensure prompt delivery of care with appropriate 

medication, patient-education, and disease management plans to anticipate and handle 

exacerbations, significantly improving health-related quality of life and decreasing 

hospitalizations and doctor visits [304].  
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Our study includes several strengths and limitations. The former include that this was a 

population-based study reflecting events occurring in the population at large that impact the 

health and wellbeing of people, as well as the healthcare system. A unique and novel aspect of 

the CanCOLD study is that it provides information on subjects from all GOLD stages, 

particularly those with mild disease, and those potentially at-risk of disease development. These 

groups are often under-represented in cohorts, but represent important populations, as they are 

most likely to benefit from early intervention. Our analysis also included men and women, 

represented in approximately equal proportion, a challenge in many cohorts. Another strength is 

the evaluation of symptom- and event-based exacerbation-like events. This allowed for the 

inclusion of milder events that may not warrant medication or health service use, but may still 

impact quality of life [56]; as well as more severe events requiring treatment. Finally a follow-up 

of at least 12 months on subjects provides stronger and robust data.  

 

Limitations include the potential presence of asthmatics in our COPD-based cohort. To address 

this, a substudy is being undertaken to identify subjects with asthma or asthma-COPD overlap 

syndrome in CanCOLD. Once data has been analyzed for the entire cohort, we will be in a better 

position to evaluate the contribution of these subjects to this current exacerbation analysis. There 

is still no definitive way of distinguishing between COPD and asthma with post-bronchodilator 

fixed airflow obstruction. Even in the absence of smoking, it remains difficult to differentiate 

between these conditions, since there is evidence that COPD in never-smokers is more prevalent 

than previously thought [305]. It is also possible that subjects did not report having received a 

previous physician diagnosis of COPD at study entry despite having received one, and as a result, 

were misclassified in this analysis. Other acute events that may present with exacerbation-like 

symptoms or manifestation e.g. coronary events could have been included in our analysis. 
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Finally, although the administration of the exacerbation questionnaire every three months was 

undertaken to ensure improved subject-recall, there remains inaccuracies in all symptom-based 

criteria.  

 

Our study highlights the serious impacts on health service utilization resulting from exacerbation-

like respiratory events reported by subjects with undiagnosed COPD. This is especially important 

when considering that these are treated as acute events without consideration for future 

management of the underlying COPD. If these patients were recognized as having COPD, then 

providing proper preventive therapies has the potential to reduce or prevent complications such as 

emergency room visits and hospital admissions. Continued follow-up and analysis of this cohort 

will hopefully provide the information required to identify susceptibility-phenotypes in at-risk 

subjects or those in the early stages of disease. Moreover, it will be interesting to see how health 

impacts and outcomes of exacerbation-like events change as subjects with undiagnosed COPD 

progress in their disease.  

 

In summary, the results of our study show the urgent need of identifying subjects susceptible to 

exacerbation-like respiratory events, regardless of whether they are occurring in previously 

diagnosed or undiagnosed individuals, as these have serious impacts on health service utilization. 

Successfully targeting these individuals could result in decreased morbidity, mortality, better 

quality of life for patients, as well as significantly fewer COPD-related healthcare expenditures. 

Further research will provide more information that may help in the recognition of a phenotype 

for identifying early and/or milder disease susceptibility to exacerbations. 
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TABLES  

Table 5.1: Exacerbation definitions and methods of capture 

Recall period 3 months 

Type of definition Symptom-based Event-based 

COPD 

exacerbation 

definition 

The presence of at least 1 major 

symptom (increased dyspnea. 

increased sputum volume or 

increased sputum purulence) for 

at least 48 hours 

The presence of at least 1 major 

symptom (increased dyspnea. 

increased sputum volume or 

increased sputum purulence) for 

at least 48 hours and utilization of 

antibiotics or corticosteroids or 

healthcare use (ER or doctor visit, 

hospitalization) 

Cohort CanCOLD  

Method to capture 

exacerbations 

Telephone interview/online questionnaire administered every 3 

months (recall of last 3 months) 

Question asked to 

capture 

exacerbations 

In the last 3 months (or since this questionnaire was last 

administered) have you experienced an episode with new or changes 

in any respiratory symptoms (i.e. cough, phlegm, wheeze, 

breathlessness…) that became worse for at least 2 days?  

If yes, subject completes the following sections: 

1. Respiratory symptoms 

2. Medication (due to respiratory symptoms) 

3. Work (affected by respiratory symptoms)  

4. Healthcare visits (due to respiratory symptoms)  
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Table 5.2: Characteristics at study entry of subjects with undiagnosed and diagnosed COPD (n=545), and by exacerbation-

status (reporting at least one exacerbation-like respiratory event during 12 months of follow-up) 

Characteristics 

All subjects 
Subjects reporting symptom-based 

exacerbation-like respiratory events 

Subjects reporting event-based 

exacerbation-like respiratory events 

Undiagnosed 

COPD 

Diagnosed 

COPD P-value 

Undiagnosed 

COPD 

Diagnosed 

COPD P-value 

Undiagnosed 

COPD 

Diagnosed 

COPD P-value 

  N=355 N=190   N=78 N=74   N=50 N=60   

 Demographic characteristics               

Age in years [mean (sd)] 67.7 (10.3) 67.3 (9.5) 0.519 67.1 (11.0) 67.0 (9.2) 0.908 69.1 (11.2) 66.5 (9.5) 0.155 

Sex, male gender [n (%)] 224 (63.1) 88 (46.3) <0.001* 43 (55.1) 29 (39.2) 0.049* 25 (50.0) 24 (40.0) 0.293 

Ever-smokers [n (%)] 232 (65.4) 153 (80.5) <0.001* 47 (60.3) 62 (83.8) 0.001* 29 (58.0) 49 (81.7) 0.007* 

Cigarette smoking pack-years 

[mean (sd)] 17.3 (21.6) 30.3 (27.1) <0.001* 17.3 (21.5) 34.1 (31.0) <0.001* 16.9 (21.6) 35.8 (32.4) <0.001* 

Lung function and disease 

status             

Post-bronchodilator spirometry 

[mean (sd)]             

   FEV1 (Liter) 2.5 (0.7) 2.1 (0.8) <0.001* 2.3 (0.8) 1.9 (0.8) 0.006* 2.1 (0.8) 1.9 (0.9) 0.121 

   FEV1 % predicted 86.6 (17.9) 76.6 (21.8) <0.001* 81.6 (18.8) 72.4 (22.0) 0.01* 80.5 (18.7) 70.7 (22.9) 0.015* 

   FEV1/FVC % 62.6 (6.6) 60.9 (12.0) 0.12 60.6 (7.7) 58.9 (13.6) 0.611 59.7 (8.3) 58.4 (14.4) 0.855 

GOLD Classification (fixed 

FEV1/FVC)** [n (%)]             

   Normal 0 (0.0) 13 (6.8) <0.001* 0 (0.0) 3 (4.1) 0.113 0 (0.0) 3 (5.0) 249 

   At Risk 0 (0.0) 27 (14.2) <0.001* 0 (0.0) 11 (14.9) <0.001* 0 (0.0) 9 (15.0) 0.004* 

   GOLD 1 226 (63.7) 53 (27.9) <0.001* 42 (53.8) 18 (24.3) <0.001* 26 (52.0) 12 (20.0) <0.001* 

   GOLD 2 120 (33.8) 77 (40.5) 0.119 32 (41.0) 29 (39.2) 0.817 21 (42.0) 24 (40.0) 0.832 

   GOLD 3+ 9 (2.5) 20 (10.5) <0.001* 4 (5.1) 13 (17.6) 0.015* 3 (6.0) 12 (20.0) 0.033* 

Clinical characteristics             

Self-reported comorbidities [n 

(%)]             

    CVD 92 (25.9) 52 (27.4) 0.714 21 (26.9) 20 (27.0) 0.988 14 (28.0) 15 (25.0) 0.722 

    Angina 11 (3.1) 17 (8.9) 0.003* 1 (1.3) 11 (14.9) 0.002* 0 (0.0) 8 (13.3) 0.008* 
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    Myocardial infarction 13 (3.7) 10 (5.3) 0.376 3 (3.8) 6 (8.1) 0.318 2 (4.0) 3 (5.0) 1.000 

    Diabetes  34 (9.6) 23 (12.1) 0.358 6 (7.7) 10 (13.5) 0.242 4 (8.0) 9 (15.0) 0.257 

    Musculoskeletal 108 (30.4) 85 (44.7) <0.001* 28 (35.9) 38 (51.4) 0.055 20 (40.0) 30 (50.0) 0.294 

    Reflux/heart burn  79 (22.3) 53 (27.9) 0.143 13 (16.7) 27 (36.5) 0.006* 7 (14.0) 24 (40.0) 0.003* 

   Allergy 131 (36.9) 98 (51.6) <0.001* 40 (51.3) 45 (60.8) 0.237 21 (42.0) 37 (61.7) 0.040* 

   Generalized anxiety   disorder 9 (2.5) 13 (6.8) 0.015* 5 (6.4) 8 (10.8) 0.332 3 (6.0) 6 (10.0) 0.507 

    Major depression 22 (6.2) 17 (8.9) 0.235 8 (10.3) 10 (13.5) 0.534 5 (10.0) 9 (15.0) 0.433 

Respiratory medications 

reported in the past 12 months 

[n (%)]              

    SABD 20 (5.6) 17 (8.9) 0.143 2 (2.6) 6 (8.1) 0.159 0 (0.0) 5 (8.3) 0.062 

    LABA or LAMA 0 (0.0) 13 (6.8) <0.001* 0 (0.0) 8 (10.8) 0.003* 0 (0.0) 7 (11.7) 0.015* 

    ICS alone 22 (6.2) 22 (11.6) 0.028* 9 (11.5) 9 (12.2) 0.905 8 (16.0) 7 (11.7) 0.51 

    ICS combined with 

LABA/LAMA 38 (10.7) 61 (32.1) <0.001* 19 (24.4) 32 (43.2) 0.014* 13 (26.0) 29 (48.3) 0.016* 

    Any above medications 80 (22.5) 113 (59.5) <0.001* 30 (38.5) 55 (74.3) <0.001* 21 (42.0) 48 (80.0) <0.001* 

 ** based on post-bronchodilator spirometry. Normal: never smokers and Post-FEV1/FVC ≥ 0.70; At Risk: ever smokers and Post-FEV1/FVC ≥ 0.70; GOLD1: 

Post-FEV1/FVC < 0.70 and FEV1%pred ≥ 80; GOLD2: Post-FEV1/FVC < 0.70 and 80 > FEV1%pred ≥ 50; GOLD3+: Post-FEV1/FVC < 0.70 and 50 > 

FEV1%pred > 0. Undiagnosed COPD based on no self-reported of previous Physician diagnosis of COPD prior to study entry, but with spirometric evidence of 

obstruction. Diagnosed COPD based on a self-reported previous Physician diagnosis of COPD at study entry. FEV1: forced expiratory volume in 1 second, 

FVC: forced vital capacity, CVD: cardiovascular disease, SABD: short-acting bronchodilator, LABA: long-acting β2 agonist, LAMA: long-acting muscarinic 

antagonists, ICS: inhaled corticosteroid. *Denotes statistical significance. P-values were obtained by performing T-test (normal continuous variables) or 

Wilcoxon signed rank test (not normal continuous variables) or Chi-square test (category variables)  
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Table 5.3: Patient-reported outcomes of subjects who report at least one exacerbation-

like respiratory event over 12 months with undiagnosed and diagnosed COPD  

  Symptom-based Event based 

Patient-reported 

outcomes Undiagnosed 

COPD 

Diagnosed 

COPD P-value 

Undiagnosed 

COPD 

Diagnosed 

COPD P-value 

  N=78 N=74   N=50 N=60   

BOD score  0.3 (0.6) 0.8 (1.1) 0.064 0.3 (0.6) 0.8 (1.2) 0.164 

MMRC dyspnea scale 

(1-5)  
1.6 (0.7) 2.0 (1.0) 0.009* 1.7 (0.8) 2.1 (0.9) 0.042* 

CAT score 7.6 (5.3) 13.3 (8.2) <0.001* 7.5 (5.9) 13.3 (8.4) <0.001* 

SGRQ total score 16.1 (13.2) 29.4 (19.6) <0.001* 17.9 (14.1) 30.3 (19.7) <0.001* 

COPD specific 

module total score  
9.8 (7.6) 18.0 (11.5) <0.001* 10.3 (8.2) 18.2 (11.5) <0.001* 

SF36V2       

Physical 

component scale 
50.7 (7.9) 45.4 (10.7) 0.002* 51.3 (7.9) 44.9 (11.2) 0.002* 

Mental component 

scale 
49.1 (8.8) 48.0 (9.9) 0.511 49.8 (8.6) 48.5 (10.0) 0.595 

HADS       

Anxiety score 4.0 (3.1) 5.2 (3.7) 0.029* 3.5 (2.7) 5.1 (3.6) 0.02* 

Depression score 2.8 (2.0) 3.6 (3.0) 0.22 2.7 (1.9) 3.5 (3.1) 0.375 

CHAMPS caloric 

expenditure per week 
      

Moderate and 

greater intensity. ≥ 

3 METs (KC) 

2.0 (2.1) 1.5 (1.8) 0.17 1.9 (2.3) 1.6 (1.9) 0.902 

     All activities  3.6 (2.4) 3.4 (2.4) 0.55 3.6 (2.6) 3.5 (2.5) 0.957 

Values are shown as mean (SD). Undiagnosed COPD based on no self-reported of previous Physician 

diagnosis of COPD prior to study entry, but with spirometric evidence of obstruction. Diagnosed COPD based 

on a self-reported previous Physician diagnosis of COPD at study entry. BMI: body mass index, BOD: BMI- 

obstruction- dyspnea, MMRC: modified medical research council, SGRQ: St-George’s respiratory 

questionnaire, CAT: COPD assessment test, SF: short-form, HADS: hospital anxiety and depression scale, 

CHAMPS: community healthy activities model program for seniors.  *Denotes statistical significance. P-

values were obtained by performing T-test (normal continuous variables) or Wilcoxon signed rank test (not 

normal continuous variables).  
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Table 5.4: Factors associated with reporting exacerbation-like respiratory events during 12 months of follow-up  

  Undiagnosed COPD (n=355) Diagnosed COPD (n=190) 

 

Factor 

Symptom-based Event-based Symptom-based Event-based 

Adjusted OR 

(95% CI) 
p-value 

Adjusted OR 

(95% CI) 
p-value 

Adjusted OR 

(95% CI) 
p-value 

Adjusted OR 

(95% CI) 
p-value 

FEV1 Liter   ̶  per 100-

ml decrease 
  1.05 (1.01-1.10) 0.049     

SGRQ total score  ̶  per 

increase of 4 points 
1.21 (1.10-1.32) <0.001* 1.21 (1.09-1.34) <0.001* 1.12 (1.04-1.22) 0.005* 1.11 (1.02-1.21) 0.016* 

MMRC dyspnea scale   ̶  

3, 4 or 5 vs. 1 or 2 
    3.02 (1.05-8.73) 

0.041* 

 
  

History of at least 1 

exacerbation-like 

respiratory event in the 

past 12 months at study 

entry   ̶  yes vs. No** 

    3.02 (1.05-8.73) 0.041* 3.85 (1.45-10.21) 0.007* 

Allergy  ̶  yes vs. No 1.89 (1.10-3.23) 0.021*       

Generalized anxiety 

disorder  ̶  yes vs. No 
4.44 (1.07-18.42) 0.040*       

Reflux/heartburn   ̶  yes 

vs. No 
      1.95 (1.02-4.04) 0.048* 

Undiagnosed COPD based on no self-reported of previous Physician diagnosis of COPD prior to study entry, but with spirometric evidence of 

obstruction. Diagnosed COPD based on a self-reported previous Physician diagnosis of COPD at study entry. ** Exacerbation-like respiratory 

events reported in 12 months prior to study entry based on subject recall. FEV1: forced expiratory volume in 1 second, SGRQ: St-George's 

Respiratory Questionnaire.*Denotes statistical significance. P-values were obtained using a stepwise multivariable model adjusted for age, 

sex, BMI and smoking history. 
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Supplemental Table 5.1: Factors associated with reporting exacerbation-like respiratory events (n=545) 

  Undiagnosed COPD (n=355) Diagnosed COPD (n=190) 

 Baseline 

characteristics 

  

 Symptom-based  Event-based  Symptom-based  Event-based 

Adjusted OR 

(95% CI) p-value 

Adjusted OR 

(95% CI) p-value 

Adjusted OR 

(95% CI) p-value 

Adjusted OR 

(95% CI) p-value 

Post-bronchodilator 

spirometry              
   FEV1. Liter   ̶  

per 100-ml 

decrease 
1.07 (1.02-1.13) 0.006* 1.10 (1.03-1.17) 0.004* 1.04 (0.99-1.09) 0,142 1.05 (0.99-1.10) 0,081 

   FEV1. % 

predicted   ̶  per 5% 

decrease 
1.11 (1.02-1.20) 0.011* 1.13 (1.03-1.24) 0.010* 1.07 (0.99-1.15) 0,073 1.09 (1.01-1.18) 0.031* 

   FEV1/FVC. %  ̶  

per 1% decrease 
1.06 (1.02-1.10) 0.003* 1.06 (1.02-1.11) 0.003* 1.03 (1.00-1.06) 0.032* 1.03 (1.00-1.06) 0.040* 

GOLD 

Classification 

(fixed FEV1/FVC) 

**  

        

   Non-COPD and 

GOLD 1 
        

   GOLD 2 1.59 (0.93 - 2.72) 0,093 1.70 (0.89 - 3.23) 0,107 1.07 (0.55 - 2.05) 0,846 1.17 (0.58 - 2.34) 0,657 

   GOLD 3+ 3.16 (0.76 - 13.09) 0,113 3.69 (0.79 - 17.21) 0,097 3.72 (1.31 - 10.55) 0.014* 4.34 (1.54 - 12.21) 0.005* 

Self-reported 

comorbidities  ̶  yes 

vs. no 
        

    CVD 1.15 (0.64-2.07) 0,647 1.08 (0.54-2.17) 0,83 0.87 (0.42-1.76) 0,691 0.73 (0.34-1.56) 0,414 

    Angina 0.36 (0.05-2.94) 0,343 0.00 (0.00-I) 0,98 3.00 (1.00-8.99) 0.049* 1.75 (0.60-5.13) 0,307 

    Myocardial 

infarction 
1.28 (0.34-4.85) 0,720 1.28 (0.27-6.16) 0,757 2.61 (0.68-10.00) 0,162 0.97 (0.23-4.05) 0,964 

    Diabetes  0.82 (0.32-2.11) 0,686 0.84 (0.28-2.55) 0,755 1.04 (0.40-2.69) 0,936 1.34 (0.51-3.54) 0,55 

    Musculoskeletal 1.31 (0.76-2.27) 0,333 1.41 (0.74-2.67) 0,295 1.36 (0.74-2.53) 0,324 1.23 (0.64-2.34) 0,532 
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    Reflux/heartburn  0.63 (0.32-1.22) 0,172 0.51 (0.22-1.19) 0,118 1.85 (0.95-3.59) 0,069 2.28 (1.15-4.51) 0.019* 

    Allergy 2.09 (1.25-3.52) 0.005* 1.19 (0.64-2.22) 0,583 1.75 (0.96-3.21) 0,07 1.72 (0.91-3.25) 0,097 

    Generalized 

anxiety disorder 
4.50 (1.16-17.50) 0.030* 3.64 (0.84-15.75) 0,084 2.66 (0.80-8.85) 0,111 1.71 (0.53-5.53) 0,37 

    Major 

depression 
2.05 (0.81-5.19) 0,129 1.95 (0.66-5.75) 0,225 1.99 (0.69-5.72) 0,2 2.10 (0.74-5.98) 0,165 

Have reported 

exacerbation-like 

respiratory events 

in the past 12 

months  ̶  yes vs. 

No 

2.16 (0.67-6.99) 0,198 3.37 (1.02-11.13) 0.046* 3.97 (1.59-9.90) 0.003* 5.95 (2.37-14.96) <0.001* 

BOD score  ̶  per 

increase of 1 point 
1.55 (0.94-2.56) 0,084 1.66 (0.95-2.89) 0,073 1.28 (0.91-1.79) 0,155 1.32 (0.93-1.87) 0,123 

MMRC dyspnea 

scale   ̶  3, 4 or 5 

vs. 1 or 2 
3.94 (1.40-11.11) 0.009* 3.75 (1.26-11.15) 0.018* 4.29 (1.61-11.40) 0.004* 3.80 (1.48-9.72) 0.005* 

SGRQ total score  ̶  

per increase of 4 

point 
1.26 (1.14-1.39) <0.001* 1.27 (1.14-1.42) <0.001* 1.15 (1.06-1.25) <0.001* 1.15 (1.06-1.25) <0.001* 

CAT score  ̶  per 

increase of 2 point 
1.21 (1.09-1.35) <0.001* 1.16 (1.03-1.31) 0.012* 1.14 (1.04-1.25) 0.003* 1.12 (1.02-1.22) 0.013* 

** based on post-bronchodilator spirometry, Non-COPD and GOLD1: Post-FEV1/FVC < 0.70 and FEV1%pred ≥ 80; GOLD2: Post-FEV1/FVC < 0.70 and 80 > 

FEV1%pred ≥ 50; GOLD3+: Post-FEV1/FVC < 0.70 and 50 > FEV1%pred > 0. Undiagnosed COPD based on no self-reported of previous Physician diagnosis 

of COPD prior to study entry, but with spirometric evidence of obstruction. Diagnosed COPD based on a self-reported previous Physician diagnosis of COPD at 

study entry. FEV1: forced expiratory volume in 1 second, FVC: forced vital capacity, CVD: cardiovascular disease, BOD: body mass index-obstruction-

dyspnea, MMRC: modified medical research council, SGRQ: St-George's Respiratory Questionnaire, CAT: COPD assessment test.* Denotes statistically 

significance. P-values obtained using multivariable logistic regression adjusted for age, sex, BMI and smoking history. 
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FIGURE LEGENDS AND FIGURES 

FIGURE LEGENDS 

 

Figure 5.1. The proportion of subjects reporting exacerbation-like respiratory events by 

definition in CanCOLD subjects with undiagnosed (dark grey bars, n=355) and diagnosed 

(light grey bars, n=190) COPD across disease statuses during 12 months of follow-up. 

Exacerbation-like events were classified as being symptom-based or event-based, based on 

established criteria (table 5.1).  Undiagnosed COPD based on no self-reported of previous 

Physician diagnosis of COPD prior to study entry, but with spirometric evidence of obstruction. 

Diagnosed COPD based on a self-reported previous Physician diagnosis of COPD at study entry. 

Normal: never smoker and FEV1/FVC ≥ 0.70 (n=13); At Risk: ever smokers and FEV1/FVC ≥ 

0.70 (n=27); GOLD1: FEV1/FVC < 0.70 and FEV1%pred ≥ 80 (n=279); GOLD2: FEV1/FVC < 

0.70 and 80 > FEV1%pred ≥ 50 (n=197); GOLD3+: FEV1/FVC < 0.70 and 50 > FEV1%pred > 0 

(n=29). 

 

Figure 5.2. Comparison of odds of medication or health service utilization in subjects with 

diagnosed COPD vs. subjects with undiagnosed COPD (the reference group) who report 

exacerbation-like respiratory events over at least 12 months in the CanCOLD cohort.  

Undiagnosed COPD based on no self-reported previous Physician diagnosis of COPD prior to 

study entry, but with spirometric evidence of obstruction. Reported COPD based on a self-

reported previous Physician diagnosis of COPD at study entry.  ORs adjusted for age, sex, BMI 

and smoking history. *Denotes statistical significance, p<0.05. ER: emergency room.  
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FIGURES  

Figure 5.1 
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Figure 5.2  
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CHAPTER 6: MANUSCRIPT 2 “LONGITUDINAL PREDICTORS OF INCREASED 

ARTERIAL STIFFNESS DURING COPD EXACERBATIONS AND RECOVERY” 

PREFACE TO MANUSCRIPT 2 

This manuscript examines the longitudinal predictors of increased arterial stiffness during COPD 

exacerbations and subsequent recovery in patients with severe airflow obstruction, who 

frequently exacerbate, have elevated CV risk and were admitted to hospital for exacerbation. 

 

CVD and acute CV events are significant causes of morbidity and mortality in COPD patients 

[14]. Assessing arterial stiffness has shown to be a useful predictor of CV risk in COPD patients 

[24, 25, 27, 28, 32, 213, 262-266]. Yet little is known on its longitudinal predictors. This study is 

the first to report on the longitudinal predictors of changes in arterial stiffness during COPD 

exacerbations that warrant hospital admission, and their subsequent recovery.  

 

The references in the following manuscript have been renumbered and are included in the 

combined bibliography at the end of this thesis in numerical order following the sequence in 

which they appear throughout the entire thesis. Previously defined acronyms within this thesis are 

redefined within this manuscript as it has been formatted for journal submission.  
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ABSTRACT 

Rationale: Acute exacerbations of chronic obstructive pulmonary disease (AECOPD) are 

associated with increased risk of cardiovascular events. Arterial stiffness, a key predictor and 

potentially modifiable risk factor of cardiovascular events and mortality, increases with 

AECOPD. Little is known on longitudinal predictors of increased stiffness after AECOPD. 

 

Objectives: To assess during AECOPD requiring hospitalization and subsequent recovery, the 

course of change in arterial stiffness and pressure measurements, and identify several 

physiological and clinical variables that can predict increases in arterial stiffness over time. 

 

Methods: 40 subjects with COPD and a history of cardiovascular disease or risk factors were 

recruited during hospital admission for AECOPD. Subjects were assessed every 3 days during 

hospitalization, every week after discharge up to 30 days, and at 90 and 180 days after onset. 

Lung function and other physiological measurements were taken at each assessment. Arterial 

stiffness and pressures were measured using carotid-femoral pulse wave velocity (cf-PWV) and 

pulse wave analysis. Total cell blood count, lipids and electrolytes were measured from venous 

blood. 

 

Measurements and main results: Cf-PWV and pressure measurements increased during 

AECOPD. Longitudinal increases in cf-PWV were predicted by subsequent AECOPD, decreased 

lung function, low-density lipoproteins, cellular hemoglobin and increased circulating potassium. 

Increased odds of having the most elevated cf-PWV over time were associated with subsequent 

AECOPD, increased creatinine and potassium; decreased odds were associated with increased 

lung function and low-density lipoproteins. 
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Conclusions: Increases in arterial stiffness are predicted by prospective AECOPD frequency as 

well as several other routinely measured clinical variables. These may represent modifiable 

targets that could be used to regulate arterial stiffness, and in doing so, cardiovascular risk in 

COPD patients. 

 

Abstract word count: 269 
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INTRODUCTION 

 The natural course of chronic obstructive pulmonary disease (COPD) can be aggravated by 

exacerbations and extra-pulmonary comorbidities such as cardiovascular disease (CVD) [15, 16, 86, 

306]. It is well established that exacerbations significantly contribute to the increasing global burden 

of COPD [10, 307-310]. These acute events of worsened respiratory symptoms associated with 

increased inflammation lead to increased hospitalization [10], declined overall patient health status 

[11, 12] and increased mortality [13].   

 

 Cardiovascular (CV) events are the 2nd most frequent cause of mortality in COPD patients [14, 

15]. There is growing interest in understanding the association between CV risk and COPD 

exacerbations, where it has been proposed that exacerbations directly influence susceptibility to CV 

events. In the 4-year UPLIFT trial [22], relative risks of heart failure, myocardial infarction (MI) and 

stroke were 10.71, 3.20 and 2.31, respectively, during the 180 days following their first exacerbation 

versus the 180 days before it. Arterial stiffness independently predicts risk of CV events and all-

cause mortality [258, 260, 279, 280]. Arteries stiffen with age due to the cumulative detrimental 

effects of CV risk factors (e.g. smoking, obesity, etc.) on the arterial tree [260]. Carotid-femoral 

pulse wave velocity (cf-PWV), considered the gold standard measure of arterial stiffness, has been 

shown to be a useful, safe and non-invasive way to measure central artery stiffness [277, 311]. Cf-

PWV can independently predict CV risk and mortality [258, 260, 279] and increases independently 

of smoke exposure in COPD [26]. Recently, Patel et al. [31] showed that aortic PWV, becomes 

significantly elevated from stable-state levels during community-treated exacerbations, and may take 

over 35 days to return to stable-state levels. Moreover in stable-state, patients who frequently 

exacerbate (≥2 exacerbations/year) appear to have higher aortic PWV than in subjects who 

infrequently exacerbate. However whether the course of change in PWV is similar in a more 
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severely exacerbating COPD population remains to be determined. There is currently no data on 

factors that can predict increases in arterial stiffness over time following COPD exacerbations.  

 

 We hypothesize that patients who experience COPD exacerbations requiring hospital 

admission and who are at risk of serious CV events (as they have a history of CV disease and/or CV 

risk factors), have increases in arterial stiffness and associated pressure during exacerbation. Some 

subjects will have continued increases in arterial stiffness following exacerbation that may be 

predicted by certain clinical factors. The objectives of our study were thus: 1) to assess the extent of 

change of cf-PWV and pressure measurements over the time course and recovery of severe 

exacerbations requiring hospital admission and its relationship with exacerbation frequency; and 2) 

to assess whether previously studied clinical variables such as lung function, as well as laboratory 

variables that have not yet been studied such as blood cell counts, lipids and electrolytes over time 

can predict increases in cf-PWV over time.  

 

Our study may provide novel information on the clinical factors that link COPD exacerbations and 

increased arterial stiffness over time. This may be useful in the context of identifying novel 

potentially modifiable targets aimed at improving CV outcomes in COPD patients who are 

susceptible to frequent exacerbations and who are at high CV risk. 
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METHODS 

 

Subject selection  

COPD patients with a known history of CVD or CV risk factors were recruited when admitted to 

the Montreal Chest Institute (MCI) with COPD exacerbation (severe exacerbation) as a primary 

diagnosis requiring treatment with antibiotics and/or systemic corticosteroids and hospitalization. 

Subjects were all currently treated for their COPD by physicians at the MCI. Exclusion criteria 

included: 1) acute medical condition other than COPD exacerbation (cancer, ischemic heart 

event, etc.) or 2) unwillingness/inability to sign consent form. Ethics approval was obtained from 

the McGill University Faculty of Medicine Institutional Review Board. All subjects provided 

written informed consent prior to assessment. 

 

Study adjudication and definitions of exacerbation and cardiovascular risk and disease 

One pulmonologist from the MCI who was not involved in our study adjudicated each reported 

exacerbation and every patient for the presence of cardiovascular risk and disease. Review was 

done using subjects charts to ensure participants did indeed have COPD and were currently 

treated for this (based on COPD medications included in GOLD guidelines [4]), had a previous 

history of CV risk factors and CVD and that admission to the MCI was based on COPD 

exacerbation as a primary diagnosis. The number of exacerbations during the duration of the 

study, e.g. 6 months were verified and adjudicated by this same pulmonologist.  Exacerbations 

were defined as a period during which a subject experienced two or more of three major 

symptoms (increase in dyspnea, sputum purulence, and increased sputum volume), or any major 

symptom with a minor symptom (including increased nasal discharge, wheeze, sore throat, cough 
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or fever) that worsened beyond day-to-day and persisted for a minimum of 2 consecutive days, in 

addition to requiring treatment with corticosteroid and/or antibiotics and hospitalization [53, 60, 

77]. Exacerbation onset was determined to be the first of the 2 consecutive days of symptom 

change. Exacerbations were considered new events if there was at least 14 days between 

exacerbation onset and the end date of the previous event during which subjects were no longer 

treated with antibiotics/corticosteroids or hospitalized, and the subject felt that they were back to 

their baseline.  

 

CV risk factors and CVD were defined as established evidence from clinical signs or imaging 

studies of: being treated for hypercholesterolemia  , hypertension, diabetes mellitus   or 

peripheral vascular disease and/or having subject-reported physician diagnosis of coronary artery 

disease  , peripheral vascular disease  , previous stroke  , MI   or diabetes mellitus with target 

organ disease. 

 

Study assessment 

Subjects were assessed within 48 ± 24 hours of hospitalization, and every 72 hours (± 24 hours) 

thereafter during hospitalization. Once subjects were discharged, they were assessed once a week 

up to 30 days since exacerbation onset, and at days 90 and 180 following onset (figure 6.1). All 

measurements were taken in the morning after subjects had been ask to refrain from smoking for 

at least 12 hours prior. Subjects underwent post-bronchodilator spirometry, venous blood sample 

collection, pulse and oxygen saturation measurements, capillary gas assessment, and arterial 

stiffness/pressure measurements 
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If subjects required re-hospitalization within 30 days of discharge, the measurement protocol 

outlined was repeated for the assessments undertaken during hospitalization (every 72 ± 24 

hours, and every week for 30 days). For the days 90 and 180 post-exacerbation assessments, the 

timeline was based on the initial hospitalization event (i.e. first exacerbation), so that each study 

participant had a total follow-up of 180 days.  

 

Arterial stiffness and pressure measurements 

Peripheral blood pressure, PWV, and pulse wave analysis were measured in duplicate at rest 

using the SphygmoCor system (AtCor Medical, Sydney, Australia) after a subject had been 

resting for 10 minutes in a supine position. Subjects were asked to refrain from speaking or 

falling asleep during measurements. Peripheral blood pressure was measured by cuff 

sphygmomanometry (HEM-705CP, Omron Corp.), along with heart rate, PWV, and pulse wave 

analysis. A high-fidelity micromanometer on the tip of a hand-held tonometer (SPC-301; Millar 

Instruments, Houston, TX, USA) was applied to the surface of the skin overlying the radial artery 

to flatten but not occlude the artery to accurately record radial artery pressure waveforms, and 

derived a corresponding central aortic pressure waveform (as well as the central pressures (pulse 

pressure (PP), augmentation pressure (AP)) and the augmentation index (AIx)). Cf-PWV was 

measured on the subject using the tonometer and a 3 lead electrocardiogram. By measuring the 

distance between the two recording sites, PWV was calculated [PWV = distance (m)/transit time 

(s)]. 
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Analysis 

Analyses were performed using SAS version 9.3 software (SAS Institute. Inc., Cary, North 

Carolina). For mean comparisons, two-tailed T-tests (normal distribution) or Wilcoxon signed-

rank tests (non-normal distribution) were used; Chi-squared tests were used for dichotomous 

variables. A p-value of 0.05 or less was deemed statistically significant. Mixed-effects linear 

models were used to estimate the association of exacerbation frequency and change in cf-PWV 

over time. The model included random intercepts to capture individual-specific change in levels 

and a spatial power correlation structure [spl (pow)] to account for varied time intervals between 

repeated measurements, adjusted for age, sex, and body mass index (BMI). Significant 

interaction terms (variable*exacerbation) were also put into the models to look at the modifier 

effects of other variables on this association. To assess the associations between other clinical 

laboratory variables and cf-PWV over time, the most clinically or statistically significant clinical 

laboratory variables from univariate analyses were chosen for multivariate analysis. Significant 

associations were identified using backward elimination in multivariable models. Odds ratios 

were also calculated using non-linear mixed models comparing subjects with the highest quartile 

of cf-PWV to those with the lower to examine associations between clinical laboratory variables 

and cf-PWV over time. 
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RESULTS 

 

Characteristics of study participants 

Table 6.1 shows the characteristics of the study participants. Subjects were approximately 72 

years of age with an extensive smoking history, including slightly more men than women. The 

most prevalent CV risk factor was hypertension and CVD was coronary artery disease.  

 

Changes in arterial stiffness and pressure during exacerbation and recovery  

Clinical characteristics, arterial stiffness and pressure measurements collected during the first 

assessment during acute exacerbation are shown in table 6.2. Figure 6.2 shows the course of 

change in mean absolute cf-PWV, PP, and AP during exacerbation and subsequent recovery for 

subjects. Overall, these measurements acutely rose at exacerbation, declined on days 6-15, and 

rose again at days 21-30. At day 90, measurements remained elevated, while at day 180 values 

were lower than the initial values measured at acute exacerbation.  

 

Relationship between exacerbation frequency and cf-PWV over time 

Table 6.3 shows the relationship between exacerbation frequency and cf-PWV over time. For 

every additional exacerbation subjects experienced over 6 months of follow-up, cf-PWV 

increased by 0.33 metres per second. We assessed modifiers of this interaction and determined 

that systolic blood pressure, cholesterol, high-density lipoprotein (HDL), low-density lipoprotein 

(LDL) and platelet count had significant interaction effects on this relationship. 
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Associations between changes in lung function and clinical laboratory variables with 

changes in cf-PWV over time  

Table 6.4 shows the most significant univariate (see supplementary table 6.1 for all variables) and 

multivariate associations between lung function and clinical laboratory variables with the change 

in cf-PWV over time. The number of exacerbations experienced during 6 months of follow-up, 

lung function (FEV1/FVC), LDL, hemoglobin and circulating potassium levels were most 

associated with cf-PWV over time after multivariable analysis, with lung function having the 

greatest association.  We also divided subjects into quartiles of cf-PWV at first study assessment. 

Increased odds of having greater cf-PWV over time were associated with several clinical 

laboratory variables (supplementary table 6.2). Multivariate analysis revealed that increased odds 

of having the most elevated cf-PWV over time were associated with the number of exacerbations 

experienced during 6 months of follow-up (OR 1.32, 95% confidence interval (CI) 1.01 to 1.73, 

p=0.044), increases in creatinine (OR 1.02, 95% CI 1.00 to 1.05, p=0.046), and increases in 

potassium (OR 2.84, 95% CI 1.12 to 8.42, p=0.042), while decreased odds were associated with 

increases in FEV1/FVC (OR 0.01, 95% CI 0.00 to 0.48, p=0.020) and increases in LDL (OR 0.57, 

95% CI 0.31 to 0.99, p=0.049). 
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DISCUSSION  

In this study, we validate and extend the findings that there are significant changes in cf-

PWV and associated pressures during and following exacerbations of COPD that require 

hospitalization in subjects who frequently exacerbate and have elevated CV risk. We also identify 

several important predictors of increased cf-PWV over time including: subsequent AECOPD, 

decreased lung function, low-density lipoproteins, cellular hemoglobin and increased circulating 

potassium; as well as identifying clinical factors associated with increased odds of having the 

most elevated cf-PWV over time. These factors may include potential determinants of increased 

arterial stiffness, which could be modifiable through appropriate intervention.  

 

 In subjects with COPD who are at mid-to elevated CV risk, identifying early changes to 

the CV system prior to any major clinical events such as MI or stroke would be greatly beneficial 

[213]. Arterial stiffness is a precursor to atherosclerosis, and has been shown to have a very 

strong predictive value for CV events beyond that of classical CV risk factors in addition to being 

practical for use in the clinical setting [246, 247]. Recent studies have shown that it may be 

possible to modify arterial stiffness in COPD patients via endurance training [262], pulmonary 

rehabilitation [271], inhaled therapies [272] or oxygen supplementation [273]. As a result, it 

represents a useful subclinical, modifiable marker of CV risk in COPD [213]. However, there 

remains a lack of understanding with regards to the longitudinal changes in arterial stiffness in 

COPD patients who exacerbate and the factors that may be driving continued increases in 

stiffness following exacerbations and their recovery.  

 

Our results showed that there are significant changes in the course of cf-PWV (and 

associated pressures) during, and subsequent to COPD exacerbations.  This is in line with the 
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findings of Patel et al. [31] who showed that aortic PWV rises acutely during COPD 

exacerbations, and decreases thereafter with recovery. However, we extend this observation from 

the community-treated exacerbation setting to include subjects in the hospitalized setting who are 

at elevated CV risk. The period immediately following acute exacerbation is known to be 

associated with significantly increased risk of CV events [22, 23]. Donaldson et al. [23] reported 

that in the first 5 days following exacerbation onset, risk of MI was 2.27 greater, and in the 49 

days following onset, risk of stroke was 1.27 greater than in stable state. Those subjects who 

experienced MI or stroke had a greater annual exacerbation frequency than those who did not 

[23]. Patel et al. [31] also showed that subjects with COPD reporting frequent exacerbations (≥2) 

in the previous year had increased aortic PWV in the stable state. Similarly, our results suggest 

that cf-PWV is more elevated over time in subjects experiencing the highest number of 

exacerbations following an exacerbation. Interestingly, we found that clinical variables that could 

be modifying this relationship included increased systolic blood pressure, cholesterol, HDL, LDL 

and platelet count (with a very modest effect). To date there have been no studies on the factors 

that could be influencing the association between exacerbation frequency and arterial stiffness, 

and so our findings provide novel evidence on these.  Although we provide novel evidence of 

possible modifiers, further research is needed to validate these, and determine whether they can 

be modulated through certain interventions, and thereby affect the relationship between 

exacerbation frequency and arterial stiffness.        

 

 We also examined whether lung function and other clinical laboratory variables may be 

predictors of increases in cf-PWV over time. As previously reported in smokers and subjects with 

COPD [266, 267, 270, 312], we found a strong association between changes in lung function and cf-

PWV over time, whereby increases in lung function were associated with decreases in arterial 
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stiffness. Moreover, we found that together with subsequent exacerbations and declines in lung 

function; decreases in LDL, decreases in cellular hemoglobin and increases in circulating potassium 

were predictors of increases in cf-PWV over time- associations not yet described in the context of 

arterial stiffness in COPD. The inverse association between LDL and cf-PWV is surprising, as it has 

previously been shown that these are positively associated among a population-based sample of 

2375 subjects [313]. However, we found that this association was positive in our univariate analysis, 

which suggests that co-variation with other factors included in the multivariable model may have 

caused this inversed association. To date, results on the relationship between anemia and arterial 

stiffness have been conflicting [314-316]. It is possible that decreased cellular hemoglobin in our 

subjects reflects chronic anemia, which has been shown to be an independent risk factor for CV 

complications [317] and CV morbidity and mortality [318]. Further research is needed to better 

understand this relationship. The positive relationship between circulating potassium and increased 

cf-PWV has we observed, has not been described previously. A potential mechanism for this may be 

related to the chronic acid-base disturbances that occur in COPD patients. These may cause a shift in 

the movement of potassium from the intracellular to the extracellular compartment [319], which can 

activate the renin-angiotensin-aldosterone-system. This system is well known to modulate arterial 

stiffness via various mechanisms [241, 242, 320].  

 

 Our study had several strengths and limitations. The former include our analysis of a 

particularly high-risk COPD population including those patients with a history of CV comorbidity 

and who are susceptible to frequent exacerbations. Patients with severe COPD exacerbations are 

particularly difficult to recruit, as they are very ill and usually refuse to participate in research 

studies. Another strength of our study is that we assessed patients within the first 72 hours of 

hospitalization. This allowed us to capture important physiological and clinical data on changes 
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occurring systemically and locally within the lung due to exacerbation. Moreover, the 90- and 180-

day measurement time points provide additional longitudinal data on the changes we detected at 

exacerbation. Despite these strengths, there are several limitations associated with our study. First, 

the sample size was relatively small and as a result we may have limited power. Second, we could 

not assess patients before their exacerbations when in stable-state. This would have allowed for a 

better understanding of the severity of changes in arterial stiffness observed at and subsequent to 

exacerbation. As patients had received treatment by the time we could assess them, these treatments 

may have mediated some of the systemic and CV effects we measured, and as we did not have prior 

stable-state measurements, we were unable to assess the extent of this. However, since the overall 

trend of change in cf-PWV that we saw during exacerbation mirrored that described by Patel et al. 

[31], who were able to assess patients before they were given antibiotic and corticosteroids, it is 

likely that their potential effects are negligible. A final limitation is that despite our best efforts and 

with study adjudication of exacerbations during study follow-up, we may not know the exact dates 

of all subsequent exacerbations during follow-up and whether subjects experienced other acute 

events, which were unreported and may have influenced day 90- and 180- measurements.  

 

 Future studies should aim to have a larger sample size and longer more frequent patient 

follow-up. This would allow for the validation of our findings as well as the potential identification 

of other important predictors of increased arterial stiffness in COPD patients. Moreover, research is 

needed on the ability of certain interventions to modify the predictors of increased arterial stiffness 

we identified, in order to determine whether these could be used to modulate arterial stiffness.  

 

Overall, we validated and extended the finding that arterial stiffness is elevated over the 

course of an exacerbation. We also provide novel evidence that increased cf-PWV over time is 
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predicted by having more frequent subsequent AECOPD, decreased lung function, low-density 

lipoproteins, cellular hemoglobin and increased circulating potassium. This is particularly 

clinically relevant as these measurements are routinely taken in COPD subjects whether in stable 

state or at exacerbation. Consequently, they may help identify patients who are at increased risk 

of elevated arterial stiffness overtime, and as a result, are susceptible to increased CV risk. 

Continued research will help us better pinpoint the determinants of elevated arterial stiffness in 

COPD, and in doing so, allow for the investigation of targeted treatments that could decrease CV 

risk in these patients.  
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TABLES 

Table 6.1: Characteristics and cardiovascular disease/risk in subjects with COPD 

(n=40) 

Mean (± SD) age, years 71.7 (13.3) 

Male (%) 60 

Smoking status (%) 

  Ex  82.5 

  Current 17.5 

Mean (± SD) smoking pack-year history 54.3 (36.1) 

Use of long-term oxygen therapy (%) 22.5 

Mean number of exacerbations reported in 

previous year 2.67 

Mean (± SD) body mass index, kg/m2 25.3 (3.79) 

CV disease type/ risk factor (%)   

Hypertension 50 

High cholesterol 15 

Angina 12.5 

Coronary artery disease 10 

Other 17.5 

SD: standard deviation  
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Table 6.2: Clinical characteristics, arterial stiffness and pressure measurements on 

admission for acute exacerbation in subjects with COPD  (n=40) 

Mean (± SD) FEV1, % predicted 33.0 (14.8) 

Mean (± SD) FEV1, (L) 0.758 (0.346) 

Mean (± SD) FEV1/FVC 0.472 (0.084) 

Mean (± SD) systolic BP, mmHg 125.1 (7.1) 

Mean (± SD) diastolic BP, mmHg 65.9 (21.2) 

Mean (± SD) MAP, mmHg 75.8 (8.1) 

Mean (± SD) pulse 91.9 (9.9) 

Mean (± SD) pulse oximetry, % 94.1 (0.71) 

Arterial stiffness and pressure measurements  

Mean (± SD) cf-PWV (m/s) 11.56 (2.68) 

Mean (± SD) PP (mmHg) 43.61 (9.85) 

Mean (± SD) AP (mmHg) 8.97 (5.25) 

Mean (± SD) Aix%  26.08 (7.19) 

SD: standard deviation, FEV1: forced expiratory volume in 1 second, FVC: forced vital capacity, BP: blood pressure, 

MAP: mean arterial pressure, CC-16: club cell-16, SPD: surfactant protein D, cf-PWV: carotid-femoral pulse wave 

velocity, PP: pulse pressure, AP: augmentation pressure, AIx: augmentation index. 
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Table 6.3: Relationship between exacerbation frequency and change in cf-PWV over time 

& interaction effects of significant modifiers on this association  

 Change in cf-PWV (m/s) over time 

  ß (95% CI) P-value 

Number of exacerbations during 6 

months of f/u 0.330 (0.055 - 0.604) 0.020* 

Modifiers 
Change in the association between cf-PWV (m/s) and 

number of exacerbations over time 

 ß (95% CI) P-value 

Systolic blood pressure (mmHg) 0.019 (0.003 - 0.035) 0.022* 

Cholesterol (mmol/L) 0.325 (0.044 - 0.607) 0.024* 

HDL (mmol/L) 1.064 (0.535 - 1.594) <0.001* 

LDL (mmol/L) 0.671 (0.264 - 1.078) 0.001* 

Platelet count (10^9/L) 0.005 (0.001 - 0.009) 0.011* 

 β represents the corresponding change in cf-PWV in m/s resulting from a 1 unit change in number of exacerbations 

or modifiers.* denotes statistical significance p<0.05. CI: confidence interval, f/u: follow-up, HDL: high-density 

lipoprotein, LDL: low-density lipoprotein. n=38 for this analysis. 
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Table 6.4: Associations between changes in clinical laboratory variables and changes in 

cf-PWV over time 

 Change in cf-PWV (m/s) over time 

Clinical laboratory variables Univariate model Multivariable model  

  ß (95% CI) 

P-

value ß (95% CI) 

P-

value 

Number of exacerbations during 

6 months of f/u 
0.330 (0.055 - 0.604) 0.020* 0.450 (0.036 - 0.776) 0.028* 

Systolic blood pressure (mmHg) 0.026 (-0.002 - 0.054) 0.064   

FEV1/FVC -3.914 (-7.189 - -0.640) 0.02* -6.570 (-10.704 - -2.436) 0.002* 

Triglycerides (mmol/L) 0.420 (0.064 - 0.776) 0.021*   

LDL (mmol/L) 0.024 (0.002 - 0.047) 0.034* -0.907 (-1.608 - -0.206) 0.012* 

RBC (10^12/L) 0.141 (0.018 - 0.265) 0.026*   

Hct (L/L) 0.280 (0.040 - 0.521) 0.022*   

Mean cell Hg (pg/cell) -0.124 (-0.219 - -0.028) 0.011* -0.452 (-0.879 - -0.024) 0.039* 

Abs. Eosinophil (10^9/L) 0.407 (0.128 - 0.686) 0.005*   

Bicarbonate Level (mmol/L) 0.060 (0.022 - 0.099) 0.003*   

Creatinine (umol/L) 0.022 (0.000 - 0.044) 0.049*   

Potassium (mmol/L) 1.622 (0.393 - 2.852) 0.01* 1.364 (0.067 - 2.660) 0.039* 

 * denotes statistical significance p<0.05. f/u: follow-up, FEV1: forced expiratory volume in 1 second, FVC: 

forced vital capacity, LDL: low-density lipoproteins, RBD: red blood cells, Hct: hematocrit, Hg: hemoglobin, 

Abs. absolute. n=38 for this analysis 
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Supplementary table 6.1:  Associations between changes in clinical laboratory variables 

and changes in cf-PWV over time 

 

Change in cf-PWV (m/s) over 

time 

Clinical laboratory variables Total 

  ß (95% CI) P-value 

Number of exacerbations during 6 months of f/u 0.330 (0.055 - 0.604) 0.02* 

Systolic blood pressure (mmHg) 0.026 (-0.002 - 0.054) 0.064 

Diastolic blood pressure (mmHg) -0.011 (-0.050 - 0.027) 0.556 

O2 saturation (%) 0.096 (-0.102 - 0.293) 0.341 

FEV1 % predicted -0.032 (-0.064 - 0.000) 0.053 

FEV1/FVC -3.914 (-7.189 - -0.640) 0.02* 

Triglycerides (mmol/L) 0.420 (0.064 - 0.776) 0.021* 

HDL (mmol/L) 0.476 (-0.258 - 1.209) 0.201 

LDL (mmol/L) 0.024 (0.002 - 0.047) 0.034* 

Cholesterol/HDL (RR) -0.243 (-0.868 - 0.382) 0.443 

WBC (10^9/L) 0.035 (-0.002 - 0.073) 0.065 

RBC (10^12/L) 0.141 (0.018 - 0.265) 0.026* 

Hemoglobin (g/L) 0.013 (-0.002 - 0.027) 0.086 

Hct (L/L) 0.280 (0.040 - 0.521) 0.022* 

Mean cell Hg (pg/cell) -0.124 (-0.219 - -0.028) 0.011* 

Platelet (10^9/L) 0.006 (0.001 - 0.012) 0.03* 

Platelet Hct 0.119 (-0.684 - 0.922) 0.77 

Abs. Lymphocyte (10^9/L) -0.530 (-1.207 - 0.147) 0.124 

Abs. MNC (10^9/L) -0.474 (-1.986 - 1.038) 0.536 

Abs. Neutrophil (10^9/L) 0.090 (-0.008 - 0.189) 0.071 

Abs. Eosinophil (10^9/L) 0.407 (0.128 - 0.686) 0.005* 

Bicarbonate Level (mmol/L) 0.060 (0.022 - 0.099) 0.003* 

Anion Gap (mmol/L) -0.072 (-0.293 - 0.149) 0.521 

Creatinine (umol/L) 0.022 (0.000 - 0.044) 0.049* 

Glucose Random (mmol/L) 0.018 (-0.029 - 0.066) 0.447 

Chloride (mmol/L) -0.097 (-0.250 - 0.056) 0.211 

Potassium (mmol/L) 1.622 (0.393 - 2.852) 0.01* 

Sodium (mmol/L) -0.057 (-0.262 - 0.148) 0.582 

Associations determined using univariate mixed models. β represents the corresponding change in cf-PWV in m/s resulting from 

a 1-unit change in clinical laboratory variables. * denotes statistical significance p<0.05. CI: confidence intervals, f/u: follow-up, 

O2: oxygen, FEV1: forced expiratory volume in 1 second, FVC: forced vital capacity, HDL: high-density lipoproteins, LDL: 

low-density lipoproteins, WBC: white blood cells, RBD: red blood cells, Hct: hematocrit, Hg: hemoglobin, Abs: absolute. n=38 

for this analysis 
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Supplementary table 6.2: Impact of changes in clinical laboratory variables on changes in 

cf-PWV in subjects with highest cf-PWV over time  

Clinical laboratory variables 

Univariate model Multivariable model  

OR (95% CI) P-value OR (95% CI) 
P-

value 

Number of exacerbations during 6 

months of f/u 1.30 (1.09 - 1.55) 0.004* 1.32 (1.01 - 1.73) 0.044* 

Systolic blood pressure (mmHg) 1.01 (0.99 - 1.03) 0.315   

FEV1/FVC 0.17 (0.02 - 1.80) 0.139 0.01 (0.00 - 0.48) 0.020* 

Triglycerides (mmol/L) 1.38 (1.09 - 1.74) 0.007*   

LDL (mmol/L) 1.02 (1.00 - 1.04) 0.014* 0.57 (0.31 - 0.99) 0.049* 

RBC (10^12/L) 1.12 (1.02 - 1.21) 0.013*   

Hct (L/L) 1.26 (1.05 - 1.51) 0.012*   

Mean cell Hg (pg/cell) 0.92 (0.86 - 0.98) 0.010*   

Abs. Eosinophil (10^9/L) 1.40 (1.08 - 1.81) 0.011*   

Bicarbonate Level (mmol/L) 1.04 (1.01 - 1.07) 0.007*   

Creatinine (umol/L) 1.02 (1.00 - 1.03) 0.012* 1.02 (1.00 - 1.05) 0.046* 

Potassium (mmol/L) 2.81 (1.20 - 6.55) 0.017* 2.84 (1.12 - 8.42) 0.042* 

Associations determined using non-linear mixed models. cf-PWV was divided into two groups using 25% 

baseline distribution (≥13.35 m/s as higher group). * denotes statistical significance p<0.05. f/u: follow-up, FEV1: 

forced expiratory volume in 1 second, FVC: forced vital capacity, LDL: low-density lipoproteins, RBD: red blood 

cells, Hct: hematocrit, Hg: hemoglobin, Abs. absolute. n=38 for this analysis      
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FIGURE LEGENDS AND FIGURES 

FIGURE LEGENDS 

 

Figure 6.1. Timeline of study 

 

 

 

Figure 6.2. Mean absolute change in arterial stiffness measurements at acute exacerbation 

of COPD and during subsequent recovery for subjects. Panel A shows the absolute change in 

cf-pwv (m/s) over 6 months of follow-up, panel B shows  the absolute change in PP (mmHg) 

over 6 months of follow-up, and panel C shows the absolute change in AP (mmHg) over 6 

months of follow-up.  
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FIGURES 

Figure 6.1 

  

 Timeline of study: 

Discharged from 
hospital 

Admitted to hospital for acute 
exacerbation 

Baseline Assessment 

Every 72 hours +/- 24 during 
hospital admission 

48 hours  
+/- 24  

Once a week up to 30 days since 
baseline 

At 3 & 6 months 
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Figure 6.2 
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CHAPTER 7: MANUSCRIPT 3 “ALTERATIONS IN THE EXPRESSION OF THE NF-Κ

B FAMILY MEMBER RELB AS A NOVEL MARKER OF CARDIOVASCULAR 

OUTCOMES DURING ACUTE EXACERBATIONS OF CHRONIC OBSTRUCTIVE 

PULMONARY DISEASE” 

PREFACE TO MANUSCRIPT 3 

This manuscript describes a comparison of RelB, an NF-κB family member, mRNA expression at 

stable-state and during exacerbation in COPD patients who have severe airflow obstruction, 

frequently exacerbate, and have elevated CV risk.  

 

Finding biomarkers of health outcomes in COPD is a principal goal of research. RelB has been 

attracting growing interest as a potent suppressor of CS-induced inflammation [321-324]. 

However its expression in humans remains unknown, and as cigarette smoking is a primary cause 

of COPD, RelB may represent a clinically-relevant biomarker of this disease. This study is the 

first to report on RelB in COPD patients, and to identify its association with important CV 

outcomes at exacerbation.  

 

The references in the following manuscript have been renumbered and are included in the 

combined bibliography at the end of this thesis in numerical order following the sequence in 

which they appear throughout the entire thesis. Previously defined acronyms within this thesis are 

redefined within this manuscript as it has been formatted for journal publication. The published 

version of this manuscript is found in Appendix III. 
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ABSTRACT 

Background: Chronic obstructive pulmonary disease (COPD) exacerbations are acute events of 

worsened respiratory symptoms and enhanced inflammation partly mediated by NF-κB 

activation. RelB, an NF-κB family member, suppresses cigarette smoke-induced inflammation 

but its expression in COPD is unknown. Moreover, there is no information on its association with 

clinical features of COPD. The objectives of this study were to assess RelB expression relative to 

markers of inflammation as well as its association with cardiovascular and pulmonary features of 

COPD patients at stable-state and exacerbation. 

Methods: Data from 48 COPD patients were analyzed. Blood samples were collected from 

stable-state and exacerbating patients. After RNA isolation, quantitative real-time polymerase 

chain reaction (qRT-PCR) was performed to assess RelB, Cox-2, IL-8 and IL-1β mRNA 

expression and their associations with measured clinical variables. 

Results: Of the 48 COPD subjects, 18 were in stable-state and 30 were in exacerbation. RelB 

mRNA expression was lower than that of Cox-2, IL-8, and IL-1β in all cases (all p<0.001, except 

for IL-8 at exacerbation (p=0.22)). Cox-2, IL-8 and IL-1β were significantly associated with 

clinical features of patients in both stable-state and at exacerbation. There was no association 

with RelB expression and any clinical features in COPD subjects at stable-state. RelB mRNA 

levels were significantly associated with cardiovascular events such as systolic blood pressure 

during exacerbation.  

Conclusions: RelB mRNA expression is lower than that of the other inflammatory mediators. 

Expression of Cox-2, IL-8 and IL-1β were related to clinical features in both stable-state and at 

exacerbation. However, RelB expression was associated with clinical features of patients only 

during exacerbation, suggesting that RelB may represent a novel marker of health outcomes, in 

particular cardiovascular, during exacerbation in COPD.   
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INTRODUCTION 

Chronic obstructive pulmonary disease (COPD) is characterized by progressive, not fully 

reversible airflow limitation [325] and chronic inflammation [326]. The course of COPD is 

perturbed by acute events of worsened respiratory symptoms known as exacerbations [75, 79, 80, 

327, 328]. Exacerbations are associated with heightened pulmonary and systemic inflammatory 

responses [73], and lead to significant morbidity and mortality, especially due to cardiovascular 

events, as well as decreased health-related quality of life and an accelerated decline in lung 

function [11, 12, 64, 75, 80].  

 

COPD inflammation in stable-state and at exacerbation is partly mediated by nuclear factor-κB 

(NF-κB) activation [329-331]. NF-κB is a ubiquitous transcription factor family composed of 

five proteins [332] activated by cigarette smoke (CS) that collectively are involved in the 

regulation of gene expression for pro-inflammatory cytokines, chemokines and adhesion 

molecules [329, 333]. These include interleukin (IL)-1β, a key orchestrator of the immune 

response in COPD[331] that can activate NF-κB and is produced by airway epithelial cells in 

response to CS or acute injury [331, 334]. Other mediators include IL-8, which is involved in 

inflammatory cell recruitment in COPD [18, 81, 96, 335], especially with bacterial infection at 

exacerbation [81, 96]; and cyclooxygenase-2 (COX-2), an inducible enzyme that catalyzes 

arachidonic acid transformation into thromboxane and prostaglandins [329]. COX-2 induction 

can also occur via IL-1β activation of the NF-κB pathway and is enhanced in response to noxious 

stimuli such as CS [329, 336].  

 

Although activation of NF-κB is typically regarded as pro-inflammatory, we recently identified 

RelB, another member of the NF-κB family, as a potent suppressor of CS-induced inflammation 
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[321-324, 337]. Weih et al. [338, 339] showed that mice deficient in RelB have severely 

increased multi-organ inflammation, suggesting that RelB may have a role in suppressing 

inflammation. Our in-vitro and in-vivo data provide further evidence for an anti-inflammatory 

role for RelB. We have shown that loss of RelB expression due to smoke exposure promotes pro-

inflammatory mediator production (including IL-8 and COX-2 expression), whereas RelB 

reconstitution reduces inflammation associated with CS [322, 324]. Reciprocally, overexpression 

of pulmonary RelB in mice exposed to CS is associated with decreased lung neutrophil 

infiltration, pro-inflammatory cytokine and chemokine production and COX-2 /prostaglandin 

production [323].   

 

Despite increasing experimental evidence regarding the anti-inflammatory abilities of RelB 

against CS, neither expression of RelB nor its expression relative to other inflammatory 

mediators has been studied in the context of COPD at stable state or during exacerbation. It is 

also unknown whether RelB is associated with any clinically-relevant outcomes in COPD, 

including acid-base balance and cardiovascular events. Recent experimental evidence in human 

lung epithelial cells has shown that increased nuclear RelB correlates with hypercapnia-induced 

protection against lung injury. This suggests that RelB is carbon dioxide-sensitive and may 

contribute to the benefits of hypercapnia in pulmonary inflammatory diseases [340]. Given that in 

COPD acid-base disturbances are common, particularly during exacerbations [341] and are 

associated with poor health outcomes, we hypothesize that RelB may be associated with clinical 

variables involved in acid-base maintenance during COPD and its exacerbations. It is also well-

described that the period following COPD exacerbations has been associated with enhanced risk 

of acute cardiovascular events [23, 31, 342] possibly due to increased inflammation. 

Experimental evidence supports a protective role for RelB in the cardiovascular system, including 
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our data where RelB controls pulmonary endothelial intercellular adhesion molecule-1 (ICAM-1) 

levels in response to CS [343]. RelB-deficient mice also have inflammatory cell infiltrates in the 

heart [344]. Thus our data and that of others support that RelB expression is an essential 

suppressor of pulmonary and cardiovascular inflammation. We therefore hypothesize that 

systemic RelB expression will be associated with cardiovascular outcomes in COPD, particularly 

at exacerbation when inflammation is typically increased.   

 

The objectives of this study were: (1) to assess systemic RelB mRNA expression relative 

to other inflammatory markers relevant to both COPD pathogenesis and whose expression is 

regulated by RelB (e.g. Cox-2, IL-8, IL-1β) in stable-state and exacerbating COPD patients and 

(2) to assess associations between these two subject groups in relation to acid-base, 

cardiovascular and pulmonary patient variables. Our results reveal for the first time that RelB is 

expressed in stable-state and at exacerbation in COPD. Although circulating RelB levels did not 

correlate with any clinical parameters at stable-state, we show for the first time that RelB 

expression is associated with both acid-base and cardiovascular features of COPD patients at 

exacerbation, suggesting that RelB may represent a novel biomarker of cardiovascular outcomes 

during COPD exacerbations. 

 

 

METHODS 

Study subjects 

48 COPD patients were recruited at the Montreal Chest Institute between February-September 

2013, including 18 in stable-state (no-exacerbation in the 4 weeks before assessment) and 30 who 

were hospitalized with a primary diagnosis of exacerbation. Exacerbations were defined based on 
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symptom-change lasting at least two consecutive days requiring treatment with corticosteroid 

and/or antibiotics and hospitalization [53, 60]. All subjects had to be 40 years old, previously 

diagnosed with COPD[325] (post-bronchodilator forced expired volume in one second (FEV1) to 

forced vital capacity (FVC) ratio <0.70) and have clinical evidence of cardiovascular disease 

and/or established risk factors (clinical signs or imaging studies; coronary artery disease; 

peripheral vascular disease; previous stroke or myocardial infarction (MI); diabetes mellitus with 

target organ disease; or treatment for hypercholesterolemia, hypertension, diabetes mellitus or 

peripheral vascular disease). This study was conducted in accordance with the amended 

Declaration of Helsinki. The McGill University Faculty of Medicine Institutional Review Board 

approved the protocol and written informed consent was obtained from all patients.  

 

Clinical assessment and blood sample collection 

Subjects underwent post-bronchodilator spirometry, blood collection (biomarker, lipid profile, 

complete cell blood count, and metabolic panel analyses), pulse, oxygen saturation, capillary gas, 

and hemodynamic measurements (carotid-femoral pulse wave velocity (cfPWV) and pulse wave 

analysis). Peripheral blood was collected using PAXgene blood RNA tubes (PreAnalytiX GmbH, 

Hombrechtikon, Switzerland). For those in stable-state, assessments occurred during respiratory 

clinic visits and for exacerbating subjects, assessments were made during the first 72 hours of 

hospitalization. Samples were frozen at -80 until analysis. 

 

 

Analysis of gene expression 

RNA was isolated using PAXgene blood RNA kits (PreAnalytiX GmbH), and quantified using a 

Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, Delaware). Reverse 
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transcription of total RNA was carried out using iScriptII Reverse Transcription Supermix (Bio-

Rad Laboratories, Mississauga, Canada). Quantitative real-time polymerase chain reaction (qRT-

PCR) was performed by adding 1uL cDNA and 0.5mM primers (Table 7.1) to SsoFast EvaGreen 

(Bio-Rad). PCR amplification was performed using a CFX96 Real-Time PCR Detection System 

(Bio-Rad). Melt curves were analyzed to confirm that non-specific products were absent. The 

fluorescence detection threshold was set above the non-template control background within the 

linear phases of PCR amplifications and the cycle threshold (Ct) of each reaction was detected. 

Gene expression was analyzed using the ΔΔCt method and results are presented as fold-

differences normalized to housekeeping gene (β-actin). 

 

Statistical analysis 

Analyses were performed using SAS version 9.3 software (SAS Institute. Inc., Cary, North 

Carolina). For mean comparisons, two-tailed T-tests (normal distribution) or Wilcoxon signed-

rank tests (non-normal distribution) were used; Chi-squared tests were used for dichotomous 

variables. A p-value of 0.05 or less was deemed statistically significant. Associations between 

clinical variables and mediators were assessed using Pearson correlation coefficients.  Multiple 

regression models were used to determine whether changes in mediator expression could predict 

changes in clinical variables (adjusted for age, sex, body mass index and smoking history). 

 

RESULTS 

Patient characteristics 

Both the stable-state and exacerbation subjects groups were statistically-similar in most of the 

clinical features examined except that the hospitalized group had a lower mean FEV1 (% 
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predicted and liters), included more current smokers, and had significantly greater blood pressure 

and elevated heart rate (Table 7.2).  

 

Stable-state and exacerbation inflammatory mediator expression relative to RelB levels 

Figure 7.1 shows the relative fold-difference in mRNA expression of RelB compared to Cox-2, 

IL-8 and IL-1β. When considering the Stable-state group only, RelB mRNA expression was 

69.01 fold less than that of Cox-2, 4.42 fold less than that of IL-8 and 26.97 fold less than that of 

IL-1β (p<0.001 for all cases). When considering the subjects who were in exacerbation, RelB 

mRNA expression was 65.46 fold less than that of Cox-2 (p<0.001), 1.48 fold less than that of 

IL-8 (p=0.22) and 32.16 fold less than that of IL-1β (p<0.001). Moreover in exacerbating 

patients, RelB mRNA expression was 1.43 fold lower than in stable-state patients (p<0.001) 

(Figure S7.1). 

 

Associations between inflammatory mediators and patient clinical features during Stable-

state or Exacerbation 

In the stable-state patients (Table 7.3), Cox-2 mRNA expression correlated negatively with FEV1 

(liters), FEV1/FVC and the ratio of cholesterol to high-density lipoprotein (HDL). IL-8 mRNA 

correlated negatively with systolic and diastolic blood pressure, and absolute basophil count, and 

positively with red blood cell (RBC) diameter width. IL-1β mRNA expression correlated 

positively with pack-year smoking history, white blood cell (WBC) count, absolute monocyte 

count and absolute neutrophil count. RelB mRNA expression was not correlated to any clinical 

variables in stable-state.  
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When considering mRNA expression in exacerbating subjects (Table 7.3), Cox-2 mRNA 

expression correlated negatively with systolic blood pressure, hematocrit (%) and anion gap, and 

positively with pack-year smoking history, calcium levels, RBC diameter width and absolute 

eosinophil count. IL-8 mRNA expression correlated negatively with systolic blood pressure, pH, 

anion gap and glucose level, and positively with the partial pressure of carbon dioxide (PCO2), 

augmentation index (AIx) and absolute eosinophil count. IL-1β mRNA expression correlated 

negatively with cholesterol level, RBC count, hemoglobin level and hematocrit level. RelB 

mRNA expression correlated negatively with systolic blood pressure, anion gap, and glucose 

level.  

 

Predictors of change in patient clinical features  

When only considering the predictive relationships between inflammatory mediator mRNA 

expression and clinical features of stable-state patients (Figure 7.2a; Table 7.4), Cox-2 could 

predict negative changes in diastolic blood pressure, PCO2, cfPWV, mean arterial pressure, AIx, 

cholesterol level, and low density lipoprotein (LDL). IL-8 expression could predict negative 

changes in systolic blood pressure and absolute basophil count, and positive changes in RBC 

diameter width. IL-1β expression could predict positive changes in pH, WBC count, and absolute 

neutrophil count. The expression of RelB could not significantly predict changes for any 

variables in stable-state.  

 

For exacerbating patients (Figure 7.2b; Table 7.5), Cox-2 mRNA expression could predict 

negative changes in anion gap and positive changes in PCO2, blood calcium level, RBC width, 

absolute eosinophil count, absolute basophil count and bicarbonate level. IL-8 mRNA expression 
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could predict negative changes in systolic blood pressure, pH, and anion gap, and positive 

changes in PCO2, augmentation pressure, AIx and absolute eosinophil count. IL-1β expression 

could predict negative changes in FEV1/FVC, RBC count, hemoglobin level, and hematocrit 

level, and positive changes in calcium level. RelB mRNA expression could predict negative 

changes in systolic blood pressure and anion gap.  

 

 

DISCUSSION 

Finding biomarkers of patient-relevant outcomes is a primary goal of COPD research 

[345]. Acute inflammatory changes that occur during exacerbations make it important to 

differentiate between biomarkers that might be useful for assessing disease activity and/or 

outcomes in stable-state from those found during exacerbation [345]. One such biomarker that 

offers potential in COPD is RelB, an NF-κB family member that is constitutively expressed in 

human lymphocytes and dendritic cells [346], suppresses cytokine production in lung epithelial 

cells[347] and is vital for thymus development and T cell function [348, 349]. Importantly, RelB 

suppresses CS-induced inflammation by interacting with the aryl hydrocarbon receptor (AhR) 

[321-324, 337] to collectively control Cox-2 expression in lung fibroblasts [324]. Previous 

studies of the importance of RelB on CS and lung diseases have been restricted to experimental 

in-vitro and in-vivo models. Although these studies conclusively support an anti-inflammatory 

role for RelB against CS, there is no data on RelB expression in COPD or associations with 

relevant clinical outcomes. We report RelB expression for the first time in COPD patients and 

provide novel evidence that RelB may be associated with clinically-relevant features of COPD 

patients during exacerbations. Consequently, our study is an important step to provide insights 

into RelB expression and its potential role in COPD. It reports for the first time the associations 
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between RelB and clinical parameters during COPD exacerbations. 

 

One of our most intriguing findings is that although RelB mRNA expression was not associated 

with clinical outcomes in stable-state, at exacerbation RelB expression was negatively associated 

with several clinical parameters including systolic blood pressure. Our finding on RelB 

expression and systolic blood pressure is novel, as a relationship between RelB and blood 

pressure has not been reported to-date in humans. Experimentally RelB has been associated with 

balloon catheter injury in the rat carotid artery [350] and may be downregulated in response to 

treatment with DETA-NONOate- a nitric oxide donor [351]. Moreover, our recently published 

data show that RelB may suppress pulmonary ICAM-1 levels in response to CS [343]. When 

considered together with our current data, this supports a role for RelB in modulating endothelial 

function and blood pressure. This is potentially of importance, as it is well known that the period 

immediately following a COPD exacerbation is associated with increased risk of acute 

cardiovascular events [23, 31, 342]. In a separate analysis, we grouped stable-state and 

exacerbating subjects and found RelB expression to be negatively correlated to and able to 

predict negative changes in several outcomes including heart rate and PCO2, while predicting 

positive changes in pulse pressure (Table S1). Thus, identifying novel biological targets that 

could be capable of maintaining cardiovascular stability in COPD is of significant clinical value. 

 

In addition to cardiovascular events, RelB expression was also related to anion gap, a parameter 

commonly used to identify acid-base disorders and disturbances [352]. In COPD, acid-base 

disturbances occur frequently [341] and lead to poor patient outcomes. Although it was recently 

shown that RelB is carbon dioxide-sensitive and contributes to the benefits of hypercapnia in 

pulmonary inflammatory diseases [340], our study is the first to report on RelB expression in 
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relation to anion gap. This renders it possible that RelB may play a role in acid-base regulation 

during COPD exacerbations. Together, these data lend further support for an association between 

RelB and cardiovascular function as well as the involvement of RelB in acid-base maintenance. 

Thus, given the relationship between RelB and CS-induced inflammation, it might be reasonable 

to speculate that alterations in RelB expression and/or activity during exacerbations in COPD 

contribute to cardiovascular manifestations.  

 

RelB dampens the expression of numerous COPD-relevant inflammatory mediators. Therefore 

we also examined associations between these (i.e. Cox-2, IL-8 and IL-1β) and patient clinical 

features. As with RelB expression, several of these mediators exhibited strong associations with 

cardiovascular alterations. Cox-2 is induced by HDL [353] and LDL [354], and although an 

association between Cox-2 and blood pressure has been described [355, 356], our study is first to 

suggest a relationship with cfPWV and AIx, two measures of arterial stiffening associated with 

cardiovascular risk. Moreover, the positive relationship between Cox-2 and RBC diameter width 

is novel and may be of clinical significance, as RBC diameter width-distribution is a powerful 

outcome predictor in chronic and/or acute left heart failure, and in COPD, can help identify right 

ventricle failure [357]. Associations between IL-8 and cardiovascular outcomes have been 

reported [358, 359], although none specifically on AIx and augmentation pressure. In our study 

IL-8 was also linked to acid-base parameters (pH, anion gap and PCO2) and fluctuations in these 

have been shown to alter pH and neutrophil IL-8 release [360]. Alterations in pH can also control 

IL-1β production by monocytes, not only supporting the relationship between IL-1β and pH [361] 

but also perpetuating and augmenting the inflammatory response in COPD.  
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Our study has strengths as well as limitations, the former including the fact that we recruited 

patients both in stable-state COPD and patients who were in acute exacerbation requiring 

hospitalization (i.e. severe exacerbation). Patients with severe COPD exacerbations are often 

difficult to recruit, as they are very sick and often refuse to participate in research studies. An 

additional strength of our study is that we also assessed patients within the first 72 hours of 

hospitalization, which allowed us to capture important physiological and clinical data that occur 

systemically and locally within the lung. A limitation of our study is that 25 of the 30 

exacerbating patients took inhaled corticosteroids prior to blood collection. Corticosteroids can 

dampen Cox-2 and IL-8 expression via the NF-κB pathway by suppressing gene transcription 

[362, 363]. Thus the relative expression levels we report may be an under-representation. 

Another perceived limitation is the reliance on mRNA levels to correlate with clinical 

parameters, as quantification of blood RelB protein expression remains to be determined. 

However, RelB protein expression mirrors that of mRNA levels during dendritic cell 

differentiation [364]. Thus, we expect a similar association between blood RelB mRNA and 

protein levels in COPD. It would also strengthen our observations presented herein to further 

investigate the relationship between RelB expression and pulmonary patient outcomes in COPD 

stages GOLD I-IV; these investigations are currently ongoing. Finally, we recognize that the 

subjects in our study are unpaired, thereby reducing the statistical power and rendering it possible 

that inter-subject variability may have impacted our measurements. Thus, investigation of RelB 

and associated clinical outcomes in paired subjects (stable-state and exacerbation from the same 

subjects) is warranted. To ultimately determine the suitability of RelB as a biomarker in COPD, a 

longitudinal relationship between expression and associated outcomes must be examined.  
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There has been growing evidence that RelB is a potent suppressor of CS-induced inflammation 

[323, 324, 337, 347, 365]. Thus despite the limitations of our study, the expression and function 

of RelB in COPD represents a burgeoning area of research, and our data on the associations of 

RelB expression in COPD are highly novel and clinically relevant. Moreover, the results of our 

study suggest for the first time that blood RelB expression may be a noteworthy marker of 

cardiovascular events during COPD exacerbations. Future longitudinal and mechanistic studies 

will undoubtedly shed light on the functional significance of RelB in COPD pathogenesis and its 

potential for therapeutic modulation. 
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TABLES 

Table 7.1 : qRT-PCR Primer sequences 

Prime

r 

Forward sequence Reverse sequence 

hCox-2 TCACAGGCTTCCATTGACCAG CCGAGGCTTTTCTACCAGA 

hIL-8 
GATGTCAGTGCATAAAGACATACTCCAAA

C 

GCTCTCTTCCATCAGAAAGCTTTACAATA

A 

hIL-1β 
AAAAGCTTGGTGATGTCTGGTCCATATGA

A 

CTTATCATCTTTCAACACGCAGGACAGGT

A 

hRelB TGTGGTGAGGATCTGCTTCCA G GGCCCGCTTTCCTTGTTAATT C 

β-actin CTACAATGAGCTGCGTGTG TGGGGTGTTGAAGGTCTC 
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Table 7.2: Patient characteristics 

 Stable-state 

(n=18) 

Exacerbation 

(n=30) 

P-value 

Mean age (years) 71.0 71.1 0.86 

No. Male (%) 7 (39) 14 (47) 0.11 

Mean FEV1 % predicted 43.5 34.5 0.046* 

Mean FEV1 L 1.1 0.79 0.0082* 

Mean FEV1/FVC 0.44 0.48 0.30 

Smoking status, n (%) 

Ex-smoker 17 (94) 23 (77) 0.083 

Current smoker 1 (6) 7 (23) 0.014* 

LTOT (%) 22 20 0.62 

Mean pack-year smoking history 68.77 57.84 0.42 

Mean body mass index 27.9 25.1 0.15 

Mean no. reported exacerbations in 

past 12 months 2 3 0.57 

Mean systolic BP 111 125 0.013* 

Mean diastolic BP 54 66 0.0049* 

Mean heart rate 78 92 0.0030* 

Pulse oximetry (%) 94 94 0.57 

*Denotes statistical significance. No: number, LTOT: long-term oxygen therapy, BP: blood pressure. 
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Pearson correlation coefficients were used to determine associations.  

*Denotes statistical significance p<0.05, ** denotes statistical significance p<0.001.a units are (10^9/L). BP: blood 

pressure, FEV1: forced expiratory volume in 1 second, FVC: forced vital capacity, PCO2: partial pressure of carbon 

dioxide, Ca++: calcium, HDL: high-density lipoprotein, Aix: augmentation index, Hct: hematocrit, WBC: white blood 

cell, RBC: red blood cell, Abs: absolute, MNC: monocyte. 

Table 7.3: Associations between inflammatory mediators and clinical features of patients in 

stable-state and at exacerbation 

 Inflammatory mediators 

 
Cox-2 expression 

levels 

IL-1β expression 

levels 

RelB expression 

levels 

IL-8 expression 

levels 

 Correlation coefficients Correlation coefficients Correlation coefficients Correlation coefficients 

Clinical 

features 
Stable-state 

n=18 
Exacerbation 

n=30 
Stable-state 

n=18 
Exacerbation 

n=30 
Stable-state 

n=18 
Exacerbation 

n=30 
Stable-state 

n=18 
Exacerbation 

n=30 

Pack-year 

smoking history 
0.36 0.39* 0.49* 0.13 0.39 -0.020 0.050 0.18 

Systolic BP -0.18 -0.42* 0.13 -0.32 -0.090 -0.41* -0.52* -0.52* 

Diastolic BP -0.37 -0.29 -0.060 -0.36 -0.26 -0.17 -0.51* -0.10 

FEV1 (L) -0.51* -0.060 0.11 0.070 -0.19 -0.080 -0.25 -0.20 

FEV1/FVC -0.56* -0.11 -0.33 -0.10 -0.37 -0.12 -0.11 -0.17 

pH 0.33 0.11 0.42 0.22 0.16 -0.21 0.58 -0.46* 

PCO2 (mmHg) -0.21 0.26 -0.34 -0.090 -0.10 0.41 -0.13 0.49* 

Ca++ (mmol/L) -0.070 0.47* 0.15 0.40 -0.57 0.35 0.080 0.19 

Cholesterol/HDL  -0.51* -0.060 -0.30 -0.15 0.080 0 -0.090 0.070 

Cholesterol 

(mmol/L) 
-0.25 -0.11 -0.34 -0.41* -0.050 -0.36 -0.25 0.050 

Aix (%) -0.10 -0.15 -0.29 -0.13 -0.11 0.22 -0.17 0.46* 

Hct (%) 0.26 -0.47* 0.48 -0.38 -0.030 -0.13 -0.10 -0.30 

Hct (L/L) -0.21 -0.36 0.30 -0.52* -0.24 -0.11 -0.44 -0.18 

WBC a 0.24 0.010 0.76** 0.33 0.32 -0.040 0.40 -0.12 

RBC (10^12/L) -0.15 -0.33 0.31 -0.47* -0.11 -0.14 -0.37 -0.18 

RBC diameter 

width (cV) 
0.030 0.52* 0.19 0.29 0.26 0.22 0.67* 0.050 

Hemoglobin (g/L) -0.14 -0.34 0.30 -0.46* -0.21 -0.16 -0.45 -0.17 

Abs. MNCa  0.070 -0.05 0.63* 0.080 0.31 0.090 0.28 -0.060 

Abs. neutrophila  0.32 0 0.74** 0.35 0.29 -0.10 0.46 -0.15 

Abs. basophila   -0.020 0.25 0.21 0.20 -0.060 0.32 -0.61* 0.080 

Abs. eosinophila   0.010 0.49* 0.010 0.050 0.20 0.30 0.20 0.55* 

Anion gap 
(mmol/L) 

-0.050 -0.47* 0.13 0.020 0.21 -0.55* 0.15 -0.55* 

Glucose (mmol/L) -0.33 -0.31 0.14 0.15 0.050 -0.41* 0.12 -0.39* 
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Table 7.4: Predictors of clinical feature change in stable-state  

 Stable-state COPD (n=18) 

 Cox-2 expression levels IL-1beta expression levels RelB expression levels IL-8 expression levels 

Clinical features ß (95% CI) p-value ß (95% CI) p-value ß (95% CI) p-value ß (95% CI) p-value 

Systolic BP -637.13 (-1839.06 - 564.79) 0.27 48.89 (-2856.79 - 2954.56) 0.97 
-66325.7 (-193597 - 

60945.40) 
0.28 -8410.48 (-16147.2 - -673.76) 

0.036* 

Diastolic BP -1173.04 (-2117.53 - -228.56) 0.019* -391.22 (-3170.54 - 2388.10) 0.76 
-70756.5 (-191298 - 

49784.85) 
0.22 -7471.46 (-15178.5 - 235.53) 

0.056 

pH 2.85 (-0.64 - 6.33) 0.086 8.24 (1.35 - 15.13) 0.029* 182.37 (-357.62 - 722.36) 0.40 28.54 (-6.07 - 63.15) 0.084 

PCO2 (mmHg) -474.44 (-861.41 - -87.47) 0.027* -593.12 (-2343.89 - 1157.64) 0.40 
-15073.0 (-98917.2 - 

68771.15) 
0.64 -1125.91 (-8586.88 - 6335.06) 

0.70 

cfPWV (m/s) -634.31 (-1006.47 - -262.14) 0.0030* -807.59 (-1798.15 - 182.97) 0.10 
-10424.8 (-62823.5 - 

41973.93) 
0.67 -557.57 (-4426.40 - 3311.26) 

0.76 

MAP (mmHg) -1445.68 (-2228.01 - -663.36) 0.0020* -616.78 (-3197.05 - 1963.49) 0.60 
-61331.8 (-172971 - 

50307.08) 
0.25 -5757.05 (-13787.5 - 2273.42) 

0.14 

Aix % -931.72 (-1859.35 - -4.09) 0.049* -546.46 (-2782.59 - 1689.67) 0.59 
-37079.5 (-138077 - 

63918.39) 
0.43 -1724.41 (-9533.71 - 6084.89) 

0.63 

Cholesterol 

(mmol/L) 
-62.21 (-119.63 - -4.80) 0.036* -65.24 (-282.03 - 151.55) 0.52 86.86 (-8457.91 - 8631.63) 0.98 -302.84 (-1043.82 - 438.15) 

0.38 

LDL (mmol/L) -61.38 (-117.57 - -5.19) 0.035* -85.14 (-294.24 - 123.95) 0.39 1469.95 (-6853.37 - 9793.26) 0.70 -319.33 (-1042.00 - 403.34) 0.35 

WBC (10^9/L) 85.65 (-54.29 - 225.59) 0.21 504.49 (186.88 - 822.10) 0.0050* 
3843.09 (-12921.6 - 

20607.79) 
0.62 913.43 (-368.64 - 2195.49) 

0.15 

RBC diameter 

width (cV) 
44.43 (-136.38 - 225.24) 0.60 270.73 (-259.38 - 800.83) 0.29 

8895.13 (-10807.2 - 

28597.48) 
0.34 1690.40 (386.50 - 2994.31) 

0.016* 

Abs. neutrophil 

(10^9/L) 
85.84 (-51.73 - 223.41) 0.20 470.02 (138.86 - 801.18) 0.010* 

2751.54 (-13865.3 - 

19368.40) 
0.72 1021.97 (-200.52 - 2244.47) 

0.093 

Abs. basophil 

(10^9/L) 
-1.23 (-4.08 - 1.62) 0.36 -2.48 (-11.38 - 6.43) 0.55 -111.46 (-435.83 - 212.92) 0.47 -27.49 (-48.50 - -6.48) 

0.015* 

Linear regression models were used to estimate predictors of change in clinical features and were adjusted for age, sex, body mass index, and smoking pack-

years. Inflammatory markers were used as independent variables to predict changes in all clinical features of patients. ß represents the change in a clinical feature 

associated with a one-unit change in biomarker expression. *Denotes statistical significance. BP: blood pressure, PCO2: partial pressure of carbon dioxide, 

cfPWV: carotid-femoral pulse wave velocity, MAP: mean arterial pressure, Aix: augmentation index, LDL: low-density lipoprotein, WBC: white blood cell, 

RBC: red blood cell, Abs: absolute.  
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Table 7.5: Predictors of clinical feature change at exacerbation 

 Exacerbation (n=30) 

 Cox-2 expression levels IL-1β expression levels RelB expression levels IL-8 expression levels 

Clinical features ß (95% CI) p-value ß (95% CI) p-value ß (95% CI) p-value ß (95% CI) p-value 

Systolic BP -677.58 (-1586.61 - 231.45) 0.14 
-1390.54 (-3283.70 - 

502.62) 0.14 
-50749.6 (-92792.3 - -

8706.83)* 0.020* 
-12649.1 (-24031.7 - -

1266.55)* 0.031* 

pH -0.13 (-2.15 - 1.90) 0.90 1.00 (-2.94 - 4.94) 0.60 -25.42 (-116.18 - 65.33) 0.56 -29.07 (-52.47 - -5.67)* 0.018* 

PCO2 (mmHg) 360.06 (18.51 - 701.60) 0.040* 123.24 (-620.68 - 867.17) 0.73 
12518.77 (-3831.36 - 

28868.91) 0.13 5085.44 (564.18 - 9606.71)* 0.030* 

Ca++ (mmol/L) 2.82 (0.46 - 5.19) 0.023* 5.41 (0.34 - 10.48)* 0.038* 85.87 (-33.15 - 204.90) 0.14 15.66 (-23.12 - 54.43) 0.40 

FEV1/FVC -2.27 (-9.08 - 4.55) 0.50 -14.75 (-28.27 - -1.23)* 0.034* -157.61 (-492.65 - 177.42) 0.34 -46.09 (-140.18 - 48.00) 0.32 

 AP (mmHg)  -115.51 (-500.67 - 269.66) 0.54 -120.55 (-831.09 - 589.99) 0.73 

12466.04 (-5030.98 - 

29963.05) 0.15 5254.52 (1644.29 - 8864.76)* 0.0070* 

 Aix (%)  -348.85 (-1173.38 - 475.68) 0.39 
-572.74 (-2098.13 - 

952.65) 0.44 
22125.77 (-16420.3 - 

60671.88) 0.24 
11956.20 (4295.85 - 

19616.55)* 0.0040* 

RBC (10^12/L) -26.85 (-54.28 - 0.57) 0.060 -79.50 (-132.82 - -26.18)* 0.0060* -833.40 (-2267.21 - 600.42) 0.24 -233.26 (-634.42 - 167.91) 0.24 

Hemoglobin (g/L) -697.08 (-1584.64 - 190.48) 0.12 
-2074.77 (-3864.48 - -

285.06)* 0.025* 
-27604.0 (-72519.4 - 

17311.45) 0.22 
-5718.07 (-18463.6 - 

7027.43) 0.36 

Hct (L/L) -2.18 (-4.87 - 0.51) 0.11 -7.33 (-12.46 - -2.19)* 0.0070* -63.61 (-202.16 - 74.94) 0.35 -17.94 (-56.53 - 20.65) 0.34 

RBC diameter 

width (cV) 83.94 (12.69 - 155.20) 0.023* 42.68 (-122.55 - 207.91) 0.60 2309.70 (-1537.06 - 6156.46) 0.23 -247.14 (-1305.99 - 811.72) 0.63 

Abs. eosinophil 

(10^9/L) 4.15 (0.79 - 7.51) 0.018* -1.17 (-9.51 - 7.16) 0.77 134.32 (-45.59 - 314.24) 0.14 63.29 (18.69 - 107.89) 0.0080* 

Abs. basophil 

(10^9/L) 1.89 (0.23 - 3.54) 0.027* 0.97 (-2.45 - 4.40) 0.56 77.14 (-8.13 - 162.41) 0.074 5.87 (-16.07 - 27.82) 0.58 

Bicarbonate level 

(mmol/L) 214.54 (41.93 - 387.15) 0.017* -28.89 (-431.63 - 373.85) 0.88 8733.02 (-227.46 - 17693.51) 0.056 1700.47 (-753.55 - 4154.48) 0.16 

Anion gap 

(mmol/L) -183.24 (-289.11 - -77.38) 0.0020* 0.27 (-288.19 - 288.73) 1.00 
-8316.41 (-13802.0 - -

2830.85)* 0.0050* -2294.72 (-3798.95 - -790.50) 0.0050* 

Sodium (mmol/L) 111.10 (-89.66 - 311.86) 

0.26 54.92 (-389.96 - 499.80) 0.80 

5829.30 (-4079.80 - 

15738.40) 0.24 -346.36 (-3193.78 - 2501.05) 0.80 

Linear regression models were used to estimate predictors of change in clinical features and were adjusted for age, sex, body mass index, and smoking pack-

years. Inflammatory markers were used as independent variables to predict changes in all clinical features of patients. ß represents the change in a clinical feature 

associated with a one-unit change in biomarker expression. *Denotes statistical significance. MAP: mean arterial pressure, PCO2: partial pressure of carbon 

dioxide, Ca++: calcium, FEV1: forced expiratory volume in 1 second, FVC: forced vital capacity, AP: augmentation pressure, Aix: augmentation index, RBC: red 

blood cell, Hct: hematocrit, Abs: absolute.
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Supplemental table 7.1: Associations between RelB expression levels and clinical features of both exacerbating and stable-

state patients (n=48) and its ability to predict changes in these features. 

 Associations Ability to predict change in clinical features 

Clinical features 
Correlation 

coefficient 
P-value ß (95% CI) P-value 

Systolic BP -0.42 0.0030* -51205.3 (-89737.3 - -12673.4) 0.010* 

Diastolic BP -0.33 0.022* -30750.3 (-62720.6 - 1219.91) 0.059 

Pulse (BPM) -0.38 0.0080* -43450.1 (-78570.1 - -8330.11) 0.017* 

O2 saturation (%) 0.070 0.62 2282.89 (-4423.89 - 8989.67) 0.50 

pH -0.18 0.33 -23.34 (-121.59 - 74.91) 0.63 

PO2 (mmHg) -0.12 0.50 -3703.96 (-31894.9 - 24486.97) 0.79 

PCO2 (mmHg) 0.34 0.050* 11295.79 (-3690.84 - 26282.43) 0.13 

Na+ (mmol/L) 0.29 0.11 6364.29 (-5672.46 - 18401.04) 0.29 

K+ (mmol/L) -0.29 0.11 -2956.32 (-6340.64 - 428.00) 0.084 

Ca++ (mmol/L) 0.15 0.42 22.72 (-115.24 - 160.68) 0.74 

Hct (%) -0.14 0.44 -10363.1 (-26522.9 - 5796.77) 0.20 

Approximate number of exacerbations 

reported during the previous year 
-0.1 0.51 -1009.36 (-4995.93 - 2977.21) 0.62 

FEV1 L 0.11 0.46 -54.56 (-863.62 - 754.49) 0.89 

FEV1 % predicted -0.07 0.63 -18874.4 (-49897.7 - 12148.90) 0.23 

FEV1/FVC -0.22 0.15 -300.82 (-569.17 - -32.48) 0.029* 

Mean cfPWV (m/s) 0.15 0.34 2012.17 (-9002.75 - 13027.09) 0.71 

Mean MAP (mmHg) -0.2 0.21 -16046.9 (-50007.2 - 17913.50) 0.34 

Mean PP (mmHg) 0.31 0.051 29042.30 (3063.65 - 55020.94) 0.030* 

Mean AP (mmHg) 0.24 0.14 13136.28 (-971.24 - 27243.80) 0.067 

Mean Aix (%) 0.15 0.34 18482.26 (-10646.3 - 47610.86) 0.21 

Mean crPWV 1 (m/s) 0.12 0.44 841.56 (-2867.24 - 4550.37) 0.65 

Cholesterol (mmol/L) -0.15 0.32 -511.91 (-3010.68 - 1986.86) 0.68 

Triglycerides (mmol/L) 0.040 0.82 272.50 (-1368.49 - 1913.49) 0.74 

HDL (mmol/L) -0.14 0.38 -156.49 (-1425.70 - 1112.71) 0.80 

LDL (mmol/L) -0.12 0.46 -478.54 (-2746.65 - 1789.57) 0.67 

Cholesterol/HDL 0.030 0.82 -54.97 (-2426.23 - 2316.29) 0.96 

WBC (10^9/L) -0.12 0.42 -2813.16 (-12962.0 - 7335.69) 0.58 
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RBC (10^12/L) -0.06 0.70 -737.39 (-2077.71 - 602.93) 0.27 

Hemoglobin (g/L) -0.18 0.23 -31628.3 (-71677.7 - 8421.00) 0.12 

Hct (L/L) -0.14 0.35 -80.22 (-198.90 - 38.46) 0.18 

Mean cell vol. (fL) -0.14 0.36 -3049.93 (-17685.5 - 11585.62) 0.68 

Mean cell hemoglobin (pg/cell) -0.18 0.23 -2086.62 (-7842.80 - 3669.56) 0.47 

Mean cell hemoglobin Conc. (g/L) -0.2 0.17 -11957.5 (-33895.0 - 9980.04) 0.28 

RBC diameter Width (cV) 0.29 0.054 2650.85 (-1663.19 - 6964.90) 0.22 

Platelet (10^9/L) -0.18 0.24 -73614.0 (-271159 - 123931.5) 0.46 

Platelet Hct -0.13 0.40 -37.11 (-189.86 - 115.64) 0.63 

Mean platelet vol. (fL) 0.16 0.30 563.72 (-1165.91 - 2293.35) 0.51 

Platelet Dist. Width (cV) 0.030 0.86 342.31 (-838.73 - 1523.34) 0.56 

Abs. Lymphocyte (10^9/L) 0.33 0.025* 1463.58 (-10.50 - 2937.66) 0.052 

Abs. MNC (10^9/L) 0.20 0.18 239.08 (-572.63 - 1050.80) 0.56 

Abs. Neutrophil (10^9/L) -0.2 0.17 -5032.65 (-15249.6 - 5184.34) 0.33 

Abs. Eosinophil (10^9/L) 0.44 0.0020* 273.19 (39.32 - 507.06) 0.023* 

Abs. Basophil (10^9/L) 0.24 0.11 80.54 (-8.99 - 170.08) 0.077 

Bicarbonate Level (mmol/L) 0.36 0.016* 7183.79 (344.14 - 14023.45) 0.040* 

Anion Gap (mmol/L) -0.46 0.0010* -7400.53 (-12612.0 - -2189.07) 0.0070* 

Creatinine (umol/L) -0.08 0.62 -21089.4 (-76711.5 - 34532.62) 0.45 

Glucose Random (mmol/L) -0.45 0.0020* -11766.3 (-20056.2 - -3476.45) 0.0070* 

Chloride (mmol/L) 0.20 0.20 6280.30 (-3149.26 - 15709.86) 0.19 

Potassium (mmol/L) -0.09 0.58 -131.31 (-1059.12 - 796.51) 0.78 

Sodium (mmol/L) 0.27 0.069 6063.56 (-1496.57 - 13623.70) 0.11 

Pearson correlation coefficients were used to determine associations. Linear regression models were used to estimate predictors of change in clinical features 

and were adjusted for age, sex, body mass index, and smoking pack-years. RelB was used as an independent variable to predict changes in all clinical features 

of patients. ß represents the change in a clinical feature associated with a one-unit change in RelB expression.*Denotes statistical significance p<0.05. BPM: 

beats per minute, O2: oxygen, PO2: partial pressure of oxygen, PCO2: partial pressure of carbon dioxide, Na+: sodium, K+: potassium, Ca++: calcium, Hct: 

hematocrit, FEV1: forced expiratory volume in 1 second, FVC: forced vital capacity, BP: blood pressure, cfPWV: carotid-femoral pulse wave velocity, MAP: 

mean arterial pressure, PP: pulse pressure, AP: augmentation pressure, Aix: augmentation index, crPWV: carotid-radial pulse wave velocity, HDL: high-density 

lipoprotein, LDL: low-density lipoprotein, WBC: white blood cell, RBC: red blood cell, vol.: volume, Abs.: absolute, MNC: monocyte. 
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FIGURE LEGENDS AND FIGURES 

FIGURE LEGENDS 

 

Figure 7.1. Fold difference in RelB mRNA expression relative to IL-1β, IL-8 and Cox-2 

mRNA expression for patients in stable-state (n=18) and those in exacerbation (n=30). * 

Denotes non-statistically significant difference in expression (p=0.22), for all other p<0.001. 

 

Figure 7.2. Ability of inflammatory mediators to predict changes in patient clinical features 

in a) stable-state (n=18) and b) at exacerbation (n=30). A linear regression model was used 

and adjusted for age, sex, body mass index and smoking pack-years. The inflammatory mediators 

were used as independent variables to predict changes in all assessed clinical features. * Denotes 

a positive association. BP: blood pressure, MAP: mean arterial pressure, Abs: absolute, AP: 

augmentation pressure.  

 

Supplemental Figure 7.1. Mean fold difference (± standard error) in RelB mRNA 

expression at exacerbation (n=30) relative to RelB mRNA expression in stable-state patients 

(n=18). Fold decrease in RelB expression at exacerbation is 1.43 (p<0.001). 
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FIGURES  

Figure 7.1 
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Figure 7.2 

 



 135 

Supplemental figure 7.1 
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CHAPTER 8: MANUSCRIPT 4 “CLUB CELL-16 AND RELB: PREDICTORS OF 

ARTERIAL STIFFNESS IN CHRONIC OBSTRUCTIVE PULMONARY DISEASE” 

 

PREFACE TO MANUSCRIPT 4 

This manuscript is based on an analysis of two lung-specific inflammatory mediators and a 

potentially novel biomarker of CV outcomes in COPD patients who have severe airflow 

obstruction, who frequently exacerbate, who have elevated CV risk and who were admitted to 

hospital for COPD exacerbation.  

CV outcomes significantly impact the course of COPD, yet it remains difficult to identify 

subjects who will be at elevated CV risk. Lung-specific inflammatory mediators are thought to be 

important biomarkers of disease in COPD [122, 366, 367]. However, their utility in predicting 

adverse CV events is not known. RelB, a ubiquitous NF-κB protein that suppresses pulmonary 

inflammation, was identified as a novel marker of CV outcomes during COPD exacerbations but 

the association with CV alterations over time remains unknown. This is the first study to evaluate 

the course of change in lung-specific inflammatory markers and RelB during severe COPD 

exacerbations and subsequent recovery in association with changes in cf-PWV. 

 

The references in the following manuscript have been renumbered and are included in the 

combined bibliography at the end of this thesis in numerical order following the sequence in 

which they appear throughout the entire thesis. Previously defined acronyms within this thesis are 

redefined within this manuscript as it has been formatted for submission to the American Journal 

of Respiratory and Critical Care Medicine.  
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Word count: 2798 

At a Glance Commentary:  

 

Scientific Knowledge on the Subject: Patients with chronic obstructive pulmonary disease 

(COPD) have elevated cardiovascular risk, particularly during and subsequent to exacerbations. 

Little is known on the utility of lung-specific inflammatory mediators, and a novel potential 

biomarker of cardiovascular function in COPD (RelB), in mediating adverse cardiovascular 

outcomes. 

 

What This Study Adds to the Field: Changes in the expression of club cell-16, a lung specific 

inflammatory mediator, and RelB, a potential biomarker of cardiovascular function, during and 

subsequent to COPD exacerbations that require hospital admission can determine changes in 

arterial stiffness over time. Club cell-16 can predict exacerbation frequency over time, and may 

represent an important biomarker of pulmonary and cardiovascular function in severe COPD 

patients.   
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ABSTRACT 

Rationale: Cardiovascular disease is a leading cause of mortality amongst chronic obstructive 

pulmonary disease (COPD) patients. The utility of lung-specific inflammatory mediators such as 

club cell protein-16 and surfactant protein D in mediating adverse cardiovascular outcomes is not 

known; nor is that of RelB, a ubiquitous NF-κB protein that suppresses pulmonary inflammation, 

and novel marker of cardiovascular outcomes during COPD exacerbations.  

Objective: To measure systemic club cell protein-16, surfactant protein D and RelB during and 

subsequent to COPD exacerbations in association with changes in carotid-femoral pulse wave 

velocity. 

Methods: 38 exacerbating COPD subjects admitted to hospital were included. Clinical, 

physiological and arterial stiffness measurements were taken within 72 hours of admission, every 

3 days until discharge, and then once a week until 30 days since first assessment, and at days 90 

and 180. Plasma concentrations of inflammatory mediators were measured from venous blood 

taken at admission and days 15, 30, 90 and 180.  

Results: Club cell protein-16 and RelB concentrations were increased at day 15 of exacerbation; 

surfactant protein D was decreased. The course of change in club cell protein-16 and RelB were 

inversely associated with that of carotid-femoral pulse wave velocity over time. Increased levels 

of club cell protein-16 were predictive of fewer exacerbations during follow-up.  

Conclusions: Lung-specific (club cell protein-16) and potential novel (RelB) inflammatory 

biomarkers are associated with systemic cardiovascular changes over time. Club cell protein-16 

can predict subsequent exacerbations in severe COPD patients, and may be an important 

biomarker of pulmonary and systemic stress in COPD.  

Abstract word count: 250 
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INTRODUCTION 

 Chronic obstructive pulmonary disease (COPD) is characterized by progressive, not fully 

reversible airflow limitation and chronic inflammation [4]. Its course is perturbed by acute events of 

worsened respiratory symptoms known as exacerbations that can lead to significant morbidity and 

mortality. Cardiovascular disease (CVD) is the 2nd most frequent cause of death in COPD [14, 15] 

and exacerbations are associated with increased risk of acute CV events [23, 31]. There is growing 

interest in identifying lung-related biomarkers in COPD [122, 366, 367], and given the extra-

pulmonary consequences of this disease, there is interest in identifying biomarkers predictive of 

comorbidity-related health outcomes.   

  

 Pulmonary inflammatory mediators of interest in COPD include club cell protein (CC)-16 and 

surfactant protein D (SPD) [122, 123, 368-371]. CC-16 is thought to play a role in mediating airway 

inflammation [372, 373]. The ECLIPSE (Evaluation of COPD Longitudinally to Identify Predictive 

Surrogate Endpoints) study showed that serum CC-16 was stable over time and positively associated 

with lung function over 3 years [132], a finding corroborated by Park et al. [368] using the Lung 

Health Study. SPD is thought to play a role in innate immunity and lung surfactant regulation [374, 

375]. Circulating SPD is inversely associated with lung function decline in COPD in addition to 

predicting exacerbation risk [124, 125]. Despite their clinical promise, little is known about the 

course of change in circulating CC-16 and SPD with exacerbation in severe COPD subjects. 

Moreover, little is known about whether they can predict other relevant outcomes in COPD, 

particularly CVD. 

  

 Our group recently identified RelB as a potential biomarker of CV outcomes during COPD 

exacerbations [376]. RelB, an anti-inflammatory component of the NF-κB family, is increased by 
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pro-inflammatory stimuli, and suppresses cigarette smoke-induced inflammation [321-324, 337]. 

We showed that smoker- and COPD-derived cells have reduced RelB protein due to enhanced 

proteolytic degradation. We have also shown that during COPD exacerbations, increased peripheral 

RelB mRNA expression is inversely associated with and predictive of systolic blood pressure in 

COPD patients [376]. While experimentally there is growing evidence that RelB modulates aspects 

of CV function [343, 350, 351], there is no information on RelB in the context of CVD, making it of 

considerable interest to examine its role in this context in COPD.  

 

We hypothesized that systemic alterations in CC-16, SPD and RelB are associated with 

changes in a reliable and non-invasive predictor of CV risk and mortality [258-260, 266], and 

measurement of arterial stiffness, carotid-femoral pulse wave velocity (cf-PWV), over time; as 

well as increased exacerbation frequency during follow-up. In recognizing a relationship between 

CV risk and COPD, studying lung-specific and novel inflammatory mediator expression that may 

be involved in modulating this relationship is clinically relevant and may represent attractive 

pharmaceutical targets to reduce CV morbidity and mortality in COPD. 

 

 

METHODS 

Subject selection  

Subjects with a confirmed diagnosis of COPD and known history of CVD or CV risk factors 

were recruited upon admission to the Montreal Chest Institute for COPD exacerbation between 

August 2012 and August 2013. Exclusion criteria included: 1) acute medical conditions other 

than COPD exacerbation; or 2) unwillingness/inability to provide informed consent.  
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Study design, clinical definitions and measurements 

The details of our study design, clinical definitions and measurements are as previously described 

(Labonté et al., see chapter 6). Briefly, subjects were assessed within 48 ± 24 hours of hospital 

admission and then every 72 ± 24 hour until discharged. Subjects were then assessed once a week up 

to 30 days since initial assessment, and then at days 90 and 180 since initial assessment. Ethics 

approval was obtained from the McGill University Faculty of Medicine Institutional Review Board 

(A04-M20-12B). All subjects provided written informed consent prior to assessment.  

 

Arterial stiffness measurements  

Arterial stiffness as measured using cf-PWV was measured in duplicate at rest using the 

SphygmoCor system (AtCor Medical, Sydney, Australia). Prior to measurements, subjects rested 

for at least 10 minutes in a supine position and refrained from speaking. Cf-PWV was determined 

using arterial waveforms measured using a hand-held tonometer (SPC-301; Millar Instruments, 

Houston, TX, USA) applied to the surface of the skin overlying the carotid and femoral arteries 

that were gated using a 3-lead electrocardiogram. By measuring the distance between the two 

recording sites (carotid and femoral arteries), PWV was calculated [PWV = distance (m)/transit 

time (s)]. 

 

Inflammatory mediator analysis 

Peripheral venous blood samples were collected from subjects at the first assessment time point, 

and then at days 15, 30, 90 and 180. Samples were immediately centrifuged for plasma isolation, 

aliquoted and stored at -80 °C until biomarker analysis. Concentrations of circulating CC-16 and 

SPD (BioVendor Laboratory Medicine, Modrice, Czech Republic) and RelB (MyBioSource Inc., 
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San Diego, CA) were measured in triplicate using commercially available enzyme-linked 

immunosorbent assay kits according to the manufacturer’s instructions.  

 

Analysis 

Analyses were performed using SAS version 9.3 software (SAS Institute. Inc., Cary, North 

Carolina). To decrease inter-subject variation, values are presented as absolute changes from 

initial assessment; if initial values were not obtained, measurements collected at the next 

available time point were used to anchor absolute change calculations. For mean comparisons, 

two-tailed T-tests (normal distribution) or Wilcoxon signed-rank tests (non-normal distribution) 

were used; Chi-squared tests were used for dichotomous variables. A p-value of 0.05 or less was 

deemed statistically significant. Mixed-effects linear models were used to estimate the 

association between increases in the absolute change in circulating inflammatory mediator 

concentrations and cf-PWV over time. The model included random intercepts to capture 

individual-specific change in levels and a spatial power correlation structure [spl (pow)] to 

account for varied time intervals between repeated measurements, adjusted for age, sex, forced 

expiratory volume in 1 second (FEV1) % predicted and days. The relative risk of exacerbations 

during follow up based on increases in the absolute change in inflammatory mediator 

concentrations over time were estimated using Poisson regression models. 

 

Our sponsor GSK has not been involved in the data collection, analysis and editing with regards 

to the study and the publication.  
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RESULTS  

 

Clinical characteristics of subjects at exacerbation 

Table 8.1 shows the characteristics and clinical measurements of subjects during hospital 

admission for acute exacerbation. A total of 38 subjects were assessed with a mean age of 

approximately 72 (range 55-88) years, with slightly more than half of subjects being male. 

Subjects had severe airflow obstruction and an extensive smoking history.  

 

Absolute changes in inflammatory mediator concentrations over time 

Table 8.1 shows the mean concentrations of CC-16, SPD and RelB at initial assessment during 

hospitalization.  The absolute course of change in the concentration of the 3 inflammatory 

mediators over time compared to those measured during the initial assessment is shown in figure 

8.1. At day 15, concentrations of CC-16 (figure 8.1A) and RelB (figure 8.1C) were increased 

compared to initial levels, whereas that of SPD (figure 8.1B) was decreased. By day 30, both CC-

16 and RelB concentrations were decreased compared to initial levels, whereas that of SPD was 

increased. The directions of the absolute change in inflammatory mediators varied at the day 90 

and 180 time points; all values were different from those at initial assessment and are shown in 

figure 8.1. 

 

As the course of change in CC-16 was similar to that of RelB during exacerbation, we assessed 

the relationship between these over time. A 1-unit (ng/mL) increase in RelB did not produce a 

statistically significant change in either CC-16 or SPD (β = -0.027, 95% confidence interval (CI) 

-0.143 to 0.088, p=0.64; and β= -5.967, 95% CI -13.617 to 1.683, p=0.125, respectively). 
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Associations between increased inflammatory mediator concentrations and cf-PWV over 

time  

Figure 8.2 shows the relationships between the absolute course of change in inflammatory 

mediators and cf-PWV. We found statistically significant inverse associations between increases 

in the absolute course of change in CC-16 concentrations and the absolute course of change in cf-

PWV over time, as well as between increases in the absolute course of change in RelB 

concentrations and the absolute course of change in cf-PWV over time. There was a trend for an 

inverse association between SPD and cf-PWV over time. Using multivariable analysis that 

included all 3 mediators, we found that increases in the absolute concentration of CC-16 and 

RelB resulted in approximately equal changes in cf-PWV (β = -0.320, 95% CI -0.569 to -0.071, 

p=0.013; and β= -0.363, 95% CI -0.514 to -0.212, p<0.001, respectively), while that of SPD 

remained non-significant (p>0.05). 

  

Increased inflammatory mediator concentrations over time and risk of subsequent 

exacerbations  

Table 8.2 shows the relative risks between increases in the absolute course of change in 

inflammatory mediator concentrations over time and subsequent exacerbations. Of the three 

mediators we evaluated, we found decreased relative risk for subsequent exacerbations with 

increases in CC-16 over time. There were no statistically significant relative risks for subsequent 

exacerbations with increases in SPD or RelB concentrations over time. 
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DISCUSSION  

 Finding biomarkers of patient-relevant outcomes is an emerging goal of COPD research, 

with lung-specific proteins being recognized as one the most useful in terms of identifying either 

disease-specific or disease activity-specific markers for COPD [368]. Despite the significant 

impact that CV comorbidity has on COPD, there have been no studies relating lung-specific 

inflammatory mediators to CV outcomes or CV risk in these patients. Moreover, the role of RelB, 

either in relation to the lung or to obstructive airway diseases such as COPD, is only just starting 

to become recognized [323, 324, 337, 376].  In this study, we show novel evidence that CC-16 

may be a potential biomarker that links pulmonary inflammation to CV function in COPD. 

Additionally, we provide further evidence to support that RelB may mediate vascular outcomes 

in COPD. 

 

RelB, a member of the NF-κB family, has been identified as an effective suppressor of cigarette 

smoke-induced inflammation [321-324, 337]. RelB is constitutively expressed in human 

lymphocytes and dendritic cells [346], suppresses cytokine production in lung epithelial cells 

[347] and is important for thymus development and T cell function [348, 349]. There is also 

growing evidence that RelB may be able to modulate endothelial function. Experimentally, RelB 

has been associated with balloon catheter injury in the rat carotid artery [350], and its expression 

can be modulated via treatment with DETA-NONOate-a nitric oxide donor [351]. Our group also 

showed that RelB is expressed in endothelial cells and such expression can suppress pulmonary 

ICAM-1 levels in response to smoke [343]. We were the first to show peripheral RelB expression 

in COPD subjects to provide novel evidence on its inversely relationship to systolic blood 

pressure at exacerbation [376]. In this current study, we showed that circulating RelB protein 

concentrations are inversely associated with cf-PWV over time. Taken together, it seems 
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plausible that RelB is an important modulator of endothelial and hence vascular function in 

COPD patients. As we found no association between the course of change in RelB and that of 

either CC-16 or SPD over time, it is likely that RelB does not modulate expression of these. This 

may suggest that different pathways are involved in mediating changes in cf-PWV that involve 

CC-16 and RelB, or it may suggest that both these mediators have a common upstream regulator. 

Further studies to better examine the mechanistic role of RelB in CVD and COPD could reveal a 

novel pathway for intervention. 

 

 To date, several pulmonary markers have been identified as potential biomarkers in 

COPD, notably CC-16 and SPD [123-125, 368, 377]. Of these, CC-16 has been emerged as a 

potential mediator of lung function in COPD, where reduced CC-16 levels are associated with 

accelerated decline in lung function over time as well as disease progression [123, 368]. CC-16 

has also been described in other respiratory conditions, whereby decreased circulating levels are 

associated with obliterative bronchiolitis [378], asthma [379] and smoking [380]. The ECLIPSE 

data have shown that repeated measures of CC-16 are stable over time [125], and a recent 

randomized clinical trial showed that CC-16 levels can be modulated via treatment with 

salmeterol/fluticasone [381]. As a result, CC-16 represents an attractive and potentially 

modifiable biomarker of disease outcomes in COPD. In our study, we report for the first time a 

relationship between CC-16 and CV function in COPD patients, where increased circulating CC-

16 is associated with decreased arterial stiffness over time. While our study did not allow us to 

examine the mechanisms responsible for this, we hypothesize that it may involve the ability of 

CC-16 to inhibit phospholipase A2 [382]. Phospholipase A2 can modify low-density lipoproteins, 

leading to increased uptake by macrophage, a feature in pre-atherosclerotic arterial wall that may 

lead to low-density lipoprotein modification, foam cell formation and inflammation to promote 
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atherogenesis [383]. It is also possible that CC-16 may act directly on the vascular endothelium 

or regulate other downstream effectors that lead to increased stiffening of the vessel walls.  

 

We also found that increases in CC-16 could predict lower risk of subsequent exacerbations 

during follow-up, a finding not observed in the ECLIPSE study [123]. This discrepancy may be 

due to inherent differences between the populations studied. Our sample of subjects consisted of 

severely ill patients with advanced disease (GOLD stages 3-4) that have an elevated CV risk and 

likely reflect the frequent-exacerbator phenotype of COPD patients [117]. Similar to Patel et al. 

[31], we recently found that increased exacerbation frequency is associated with elevated cf-

PWV (Labonté et al. see chapter 6). Thus, taken together, we hypothesize that decreased CC-16 

may lead to increased exacerbation frequency, which in turn, could lead to increased arterial 

stiffness and increased CV susceptibility. This would present an interesting and highly clinically 

relevant mechanism, given that CC-16 expression can be modulated. While further study is 

needed to understand the role of CC-16 in COPD, our study provides interesting and novel data 

on CC-16 in COPD exacerbation and CV risk. 

 

In addition to CC-16, SPD is another potential biomarker that has been positively associated with 

CV morbidity and mortality in ex and current smokers [384]. We were unable to detect a statistically 

significant association between SPD and cf-PWV over time. This may be a reflection of the 

relatively small sample size of our population or that changes in arterial stiffness occur 

independently of SPD. As such, continued assessment of the relationship between SPD and CVD 

may help elucidate the relevance of SPD to CVD in COPD. Although the ECLIPSE data previously 

showed that SPD could predict risk of exacerbation [124], our data did not show this. Despite this, 
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there remains strong evidence for a role for SPD as a biomarker in COPD [124, 125, 369, 370, 377, 

385].  

 

There are several strengths to our study, including that this project focused on a high-risk and 

clinically relevant COPD patient population. Frequent exacerbators are known to be at elevated 

CV risk [117], and as such, better understanding this association could improve health outcomes 

for these patients. Our measurement of inflammatory mediators over time provides new 

information on the course of their expression, thereby allowing better assessment of their 

relationship to patient-relevant outcomes, particularly exacerbation frequency and arterial 

stiffness. It is equally important to note the limitations of this study, including the relatively small 

sample size that may have resulted in insufficient power for our analyses due to high inter-

individual variation. Second, we were not able to assess subjects before they received treatment 

with corticosteroids or systemic antibiotics. CC-16, SPD and RelB can be modulated by systemic 

corticosteroids [124, 363, 381], and as such, these treatments may have influenced the expression 

levels obtained in this study. Finally, while blood samples were collected at all of the same time 

point as our other clinical and physiological measurements, we were not able to measure 

inflammatory mediator concentrations for every time point due to the high cost of running assays. 

In the future, it would be useful to know the course of change in these during the first few days 

and even weeks of exacerbations, as this could provide important information on their course of 

change and relevance to exacerbation and allow for a more robust assessment. Finally, not having 

stable-state measurements on inflammatory mediators does not allow us to fully assess the 

significance of changes measured over time with exacerbation. Stable-state RelB protein 

measurements have not yet been reported in COPD patients, and so measuring these in future 

research is necessary. 
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Our study serves as an important step towards identifying biomarkers in frequent exacerbators 

that relate pulmonary inflammation to CV function, and CC-16 may represent such a marker. 

Moreover, with the potentially modifiable expression of CC-16 in COPD patients, further 

research should address whether modulation of CC-16 can lead to changes in arterial stiffness, 

which could ultimately decrease susceptibility to CV events.  In this study we also show for the 

first time, systemic RelB expression in relation to arterial stiffness, which points to another 

potential pathway for the modulation of endothelial and vascular function in COPD. Mechanistic 

studies to elucidate the pathways linking CC-16 and RelB to these health outcomes would 

ultimately contribute to our understanding of their value as biomarkers of patient-relevant CV 

outcomes in COPD.    



 152 

ACKNOWLEDGMENTS 

We would like to thank all researchers, staff, in particular Katrina Metz and Meena Patel for their 

help with patient assessments, Pei Z. Li for her help with statistical analyses, and Angela Rico de 

Souza for her help with biomarker analysis, and to the COPD patients who participated in this 

study.  

 

  



 153 

TABLES 

 

Table 8.1: Characteristics and clinical measurements at initial assessment during 

exacerbation in subjects with COPD (n=38) 

Characteristics 

Mean (± SD) age, years 71.7 (8.23) 

Male (%) 55.3 

Smoking status (%)  

  Ex  81.6 

  Current 18.4 

Mean (± SD) smoking pack-year history 55.6 (31.9) 

Use of long-term oxygen therapy (%) 23.7 

Mean number of exacerbations reported in 

previous year 2.55 

Clinical measurements 

Mean (± SD) FEV1, % predicted 34.0 (14.9) 

Mean (± SD) FEV1, (L) 0.777 (0.320) 

Mean (± SD) FEV1/FVC 0.484 (0.142) 

Mean (± SD) body mass index, kg/m2 25.7 (5.47) 

Mean (± SD) carotid-femoral pulse wave 

velocity, m/s 11.6 (2.68) 

Inflammatory mediator concentrations  

Mean (± SD) CC-16, ng/mL 7.29 (4.33) 

Mean (± SD) SPD, ng/mL 234.69 (166.24) 

Mean (± SD) RelB, ng/mL 1.87 (1.52) 
SD: standard deviation, FEV1: forced expiratory volume in 1 second, FVC: forced vital capacity, CC-

16: club cell-16, SPD: surfactant protein D, RelB: V-rel avian reticuloendotheliosis viral oncogene 

homolog B. 
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Table 8.2: Relative risks of increasing inflammatory mediator concentrations over time and 

subsequent exacerbations 

1 unit (ng/mL) increase in 

the absolute change in 

inflammatory mediators 

over time 

Number of exacerbations during 6 months of F/U 

RRs (95% CI) P-value 

CC-16 0.84 (0.75 -0.95) 0.004* 

SPD 0.99 (0.99 - 1.01) 0.894 

RelB 1.02 (0.93 -1.11) 0.717 
Poisson regression models were used to estimate relative risks of exacerbations. RR adjusted for baseline age, sex, and FEV1 % 

predicted. *Denotes statistical significance of p<0.05. CC-16: club cell-16, SPD: surfactant protein-D, RelB: V-rel avian 

reticuloendotheliosis viral oncogene homolog B, CI: confidence interval, RR: relative risk. 
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FIGURE LEGENDS AND FIGURES 

FIGURE LEGENDS 

Figure 8.1. Mean absolute change in inflammatory mediators (ng/mL) (+/- standard error 

of the mean) over time. Panel A shows the course of change in CC-16 over time compared to 

CC-16 concentrations measured at initial assessment, panel B shows the course of change in SPD 

over time compared to SPD concentrations measured at initial assessment and panel C shows the 

course of change in RelB over time compared to RelB concentrations measured at initial 

assessment.  

 

Figure 8.2. Relationship between the absolute course of change in inflammatory mediator 

concentrations (ng/mL) over time and that of cf-PWV (m/s). Panel A shows the relationship 

between CC-16 and cf-PWV over time, panel B shows the relationship between SPD and cf-

PWV over time, and panel C shows the relationship between RelB and cf-PWV over time. 

Mixed-effects linear models adjusted for age, sex, forced expiratory volume in 1 second % 

predicted and days were used to estimate these relationships. β values show the resulting change 

in cf-PWV in m/s with a 1-unit (ng/mL) increase in an inflammatory mediator.  
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FIGURES  

Figure 8.1 
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Figure 8.2 
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CHAPTER 9: SUMMARY OF FINDINGS, GENERAL DISCUSSION AND OVERALL 

CONCLUSIONS 

9.1 Summary of findings 

This thesis examined the range of impacts of COPD exacerbations, from populational 

burdens to changes in inflammatory mediator expression.  

 

When considering the populational impacts assessed as part of this thesis, several key findings 

were reported. First, it was found that subjects sampled from the general population who never 

received a physician-diagnosis of COPD represent a significant proportion of individuals. These 

individuals have milder obstruction, are less symptomatic, and less functionally impaired than 

subjects who received a diagnosis, which may partly explain a lack of diagnosis. Remarkably 

however, despite experiencing fewer exacerbation-like events, these undiagnosed subjects use 

health services in a manner equivalent to that of subjects having received a previous physician 

diagnosis of COPD. This very important finding shows that subjects with undiagnosed COPD use 

health services much more than previously thought, and as a result, contribute seriously to the 

burden of exacerbations. If these patients were recognized as having COPD, then providing 

proper preventive therapies has the potential of reducing or preventing complications such as 

emergency room visits and hospital admissions, and thereby significantly impacting the overall 

burden of COPD.  

 

Individuals who remain undiagnosed, will continue to experience recurrent exacerbations, and 

with no tools for proper disease and exacerbation management, will continue to experience 

progressive and not fully-reversible decline in lung function. They will also become susceptible 

to many comorbid conditions, the most predominant of which being CVD. Risk of CV morbidity 



 159 

and mortality can be predicted using various methods, including the measurement of arterial 

stiffness, whereby increased stiffness as measure using cf-PWV, predicts increased CV risk. 

Identifying predictors of elevated arterial stiffness (such as inflammatory mediators, 

physiological or clinical factors, etc.) associated with COPD and its exacerbations could lead to 

the discovery of novel potentially modifiable targets that could mediate CV risk through proper 

intervention.  

 

When considering the CV impacts assessed as part of this thesis, previous findings that there are 

significant changes in arterial stiffness at COPD exacerbation were validated and extended to the 

6-month period following severe exacerbation that warranted hospital admission in subjects who 

frequently exacerbate and are at elevated CV risk. Several important predictors of increased 

arterial stiffness over time were identified including subsequent exacerbation, decreased lung 

function, LDL, cellular hemoglobin and increased circulating potassium. Clinical factors 

associated with increased odds of having the most elevated cf-PWV over time were also reported. 

These predictors can be assessed as part of routine clinical care, allowing for the identification of 

COPD patients who may be at risk of increased arterial stiffness. Moreover, they may represent 

potentially modifiable targets that could be used to regulate stiffness. 

 

When considering the inflammatory impacts assessed as part of this thesis, several key findings 

were reported. RelB expression (both mRNA and protein) was assessed for the first time in 

COPD patients, and novel evidence was provided that RelB may be associated with vascular 

function in COPD patients. It was also found that CC-16, a lung-specific inflammatory mediator, 

may be a potential biomarker that links pulmonary inflammation to CV function in COPD. Both 

RelB and CC-16 are modifiable inflammatory targets, and as such they represent therapeutically-
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relevant potential biomarkers of disease outcomes in COPD. 

 

 

9.2 General discussion 

9.2.1 General strengths and limitations 

The two projects constituting this thesis had several important strengths and limitations.  

The greatest strength of the CanCOLD study includes that it is a population-based cohort, 

meaning that it reflects events that are occurring in the population at large that have significant 

impacts on the health and wellbeing of people, as well as on the healthcare system. A unique and 

novel aspect of the CanCOLD study is that it provides information on subjects from all COPD 

severity stages, including those with mild disease, and who are at-risk of developing COPD. 

These two groups tend to be under-represented in cohort studies, but represent important 

populations, as they include individuals who are most likely to benefit from early intervention. 

Moreover this cohort consists of men and women in almost equal proportion, something that has 

been a challenge in many other studies. With regards to the exacerbation analysis, the evaluation 

of both symptom-based and event-based exacerbation-like respiratory events allowed for the 

inclusion of milder events that may not require medication or health service utilization, but that 

may still impact the quality of life of patients [56], as well as more severe events that do require 

treatment. This is an important strength, as often, milder events are not considered in clinical and 

cohort studies. Furthermore having a follow-up of at least 12 months on these subjects provides 

stronger more robust data for analyses.  
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A limitation of the CanCOLD study is that this COPD-based cohort may include asthmatics. 

However, subjects included in our analysis did have a component of fixed airflow obstruction 

when performing spirometry at study entry, and were thus defined as having COPD.  

To further address this, there is currently a substudy being undertaken to identify subjects with 

asthma or asthma-COPD overlap syndrome within the cohort. Once data has been analyzed for 

the entire cohort, it will be possible to assess the contribution of these subjects to the reported 

analysis on exacerbations. Although, there is still no definitive way of distinguishing between 

COPD and asthma with post-bronchodilator fixed airflow obstruction, and even in the absence of 

smoking, it remains difficult to differentiate between these two conditions, especially since there 

is evidence that COPD in never-smokers is much more prevalent than previously thought [305]. 

Other acute events that may manifest with exacerbation-like symptoms e.g. coronary events 

could have been included in the exacerbation analysis. However, it is very difficult to 

differentiate between these events when relying on patient report. Moreover, this limitation is 

inherent when using symptom-based definitions of exacerbations and is common to all work on 

COPD exacerbations. Finally, although the exacerbation questionnaire is administered every 

three months to ensure sufficient subject-recall, there are inaccuracies when relying on any 

symptom-based definition of exacerbations.  

 

The most important strength of the local study entitled “COPD exacerbations: understanding the 

course of change and recovery in extra-pulmonary outcomes” is the inclusion of a particularly high-

risk COPD population consisting of patients with a history of CV comorbidity and who are 

susceptible to frequent exacerbations. Patients with severe COPD exacerbations are particularly 

difficult to recruit, as they are very ill and usually refuse to participate in research studies. Moreover, 

being able to assess patients within the first 72 hours of hospitalization is very challenging, but 
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allowed for the detection of important physiological and clinical changes occurring systemically and 

locally within the lung due to exacerbation. Assessing these patients every three days during 

hospitalization, and then once a week up to one month, allowed for the collection of data showing 

changes in clinical outcomes and relationships between these through time, especially for several 

outcomes, which had not been previously measured longitudinally (e.g. lung-specific inflammatory 

mediators, RelB, cf-PWV). The three- and sixth-month measurement time points also provide 

additional longitudinal data on the changes detected at exacerbation.  

 

A limitation to this study is that the sample size was relatively small and as a result, analyses may be 

underpowered. Additionally, it was not possible to assess patients upon hospital admission for 

exacerbation before receiving corticosteroid and antibiotic treatment. These likely mediated some of 

the systemic and CV effects that were measured. However, with regards to arterial stiffness, since 

the overall trend of change in cf-PWV observed during exacerbation mirrored that described by 

Patel et al. [31], who were able to evaluate patients before receiving antibiotic and corticosteroids, it 

is likely that their potential effects at least on cf-PWV, are negligible. Moreover, having stable-state 

measurements prior to exacerbation would have allowed for a better understanding of the severity of 

changes observed at and subsequent to exacerbation. Finally, despite best efforts and with study 

adjudication of exacerbations during study follow-up, the exact dates of all subsequent 

exacerbations during follow-up and whether subjects experienced other acute events may not be 

exact, and as a result, this could have influenced measurements taken at days 90- and 180. 
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9.2.2 Clinical relevance and future work 

The results of the manuscripts within this thesis highlight the serious and wide ranging 

impacts of COPD exacerbations.  

 

When considering the populational impacts, the finding that subjects with undiagnosed COPD 

contribute much more than previously thought to the burden of health service utilization 

highlights the urgent need of better diagnosis and management of COPD. Recognizing 

individuals who present with symptoms associated with acute exacerbation would allow for the 

prompt treatment of these patients, and could result in earlier diagnosis. Moreover, this would 

prevent further exacerbation, and undoubtedly reduce the overall burden of COPD on individuals 

and the healthcare system. This is analogous to identifying individuals who present with MI; 

these patients experience an acute event but are recognized as having CAD/CVD. The 

importance of making a diagnosis upon presentation is not only to treat the acute episode, but 

rather, to treat the underlying CVD and increase the likelihood of preventing future acute CV 

events, morbidity and mortality.  

 

It is known that the best way of preventing exacerbations is through early intervention. This can 

be accomplished through greater public awareness about COPD, as well as by educating 

healthcare providers about accurate diagnosis, proper management of this disease and preventive 

therapies for its complications. Successfully targeting at risk individuals could result in decreased 

morbidity, mortality, better quality of life for patients, as well as significantly fewer healthcare 

expenditures related to COPD. Further research will provide new information that may help 

develop a phenotype for identifying early and/or milder disease susceptibility to exacerbations. 

This would be highly useful in at-risk subjects and those in the early stages of disease, who may 



 164 

benefit most from preventive interventions. In CanCOLD, continued follow-up and analysis of 

exacerbation-like respiratory events will help in collecting such information. Furthermore, it will 

be important to conduct an economic cost analysis, to be able to compare the costs associated 

with treating exacerbation-like events in diagnosed and undiagnosed subjects and understand the 

associated economic burden.   

 

With regards to the CV impacts of exacerbations, novel evidence on the predictors of increased 

arterial stiffness, as measured using cf-PWV is important. The clinical variables identified as 

being predictors in this thesis are routinely measured in COPD subjects whether in stable state or 

at exacerbation. As such, they may provide information that allow for the identification of 

patients at increased risk of elevated arterial stiffness overtime, and as a result, who are likely 

susceptible to increased CV risk as well. These patients could then be targeted for preventive 

measures or medications aimed at mediating CV risk. Future studies with a similar design should 

be carried out, with more frequent and longer longitudinal follow-up. This would help pinpoint 

and validate determinants of elevated arterial stiffness, and thus allow for the development of 

novel treatments that may target them.  

 

With regards to the inflammatory impacts of exacerbations several important clinically relevant 

findings were reported. The data presented on RelB is highly novel, and is the first measurement 

of RelB protein expression and function in COPD patients. Moreover, the results of this study 

suggest for the first time that circulating RelB expression may be an important marker of CV 

function in COPD patients. Future longitudinal and mechanistic studies will undoubtedly help 

elucidate the functional significance of RelB in COPD pathogenesis and its potential for 

therapeutic modulation.  



 165 

Prior to this study, lung-specific inflammatory mediators had not been measured sequentially 

during exacerbation, and as such, the data presented on CC-16 and SPD are quite novel. 

Moreover, given the elevated CV risk in frequent exacerbators, identifying biomarkers in these 

subjects that relate pulmonary inflammation to CV function is very clinically important. The fact 

that CC-16 may represent such a marker is promising. Further research should address whether 

modulation of CC-16 can lead to changes in arterial stiffness and susceptibility to CV events.  

Moreover it is important to measure CC-16 in a larger sample of subjects to validate its 

association with arterial stiffness, as well as assessing whether it may be related to other CV 

outcomes in COPD patients.   

 

9.3 Overall conclusions 

 This thesis describes the scope of impacts of COPD exacerbations, across different 

populations and at different levels. There is significant interplay between these, which can best be 

appreciated and studied using translational research. As the course of COPD is aggravated by 

comorbidities manifesting in various systems from the lung to those that are extra-pulmonary, 

one may opt to take an “integrated body” approach to studying COPD. In doing so, it is possible 

to fully examine the amplified effects that these have on disease as well as their common 

mechanisms such as inflammation; and examine relationships starting at the molecular and 

cellular level, to the physiology and then progressing to the community and populational level. 

This, thus, may bridge important knowledge gaps in the field of COPD. 

 

It is clear that the under-diagnosis of COPD has serious implications with regards to its 

healthcare burden. Untreated and unmanaged disease causes individuals to utilize many more 

health services than previously assumed. As subjects will continue to experience untreated 



 166 

exacerbations, their COPD will progress, and subjects will become increasingly susceptible to 

comorbid conditions. CV comorbidity is tightly linked to COPD exacerbations. It seems that 

there are several potentially modifiable predictors of adverse CV outcomes that could be explored 

for therapeutic modulation, which could in the long run also susceptibility to CV morbidity. With 

regards to outcome-specific biomarkers, CC-16 may represent an important biomarker linking 

pulmonary function to CV function in COPD, while RelB, may be a novel biomarker of vascular 

function in COPD. These measurements may also help provide the therapeutic means to mediate 

arterial stiffness and other CV outcomes, which could have a significant impact on the morbidity 

and mortality of COPD patients.  

 

Thus it is important to consider the translation of these findings. By implementing spirometry in 

at-risk subjects early in life, and identifying individuals susceptible to exacerbations, it may be 

possible to slow the progression of this disease while controlling for comorbidities and limiting 

the systemic consequences of COPD. The true future challenge with regards to COPD 

exacerbations remains promoting public health initiatives aimed at early recognition and 

diagnosis of this disease. Only through proper disease management will true beneficial changes 

for patients and the healthcare system come about.  
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APPENDIX I 

CanCOLD CONSENT FORMS 

English consent form 
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French consent form 
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COPD EXACERBATIONS: UNDERSTANDING THE COURSE OF CHANGE AND 

RECOVERY IN EXTRA-PULMONARY OUTCOMES CONSENT FORMS 

English consent form-hospitalized patients 
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English consent form- day-hospital patients 
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French consent form- hospitalized patients 
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French consent form- day-hospital patients 
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APPENDIX II 

ENGLISH EXACERBATION QUESTIONNAIRE 

 

 

 

 

  

 

 

 
 

CASE REPORT FORM 

 (CRF) 
 

PHONE INTERVIEW  
 

 

 
English Questionnaire 

 

 
   
 

Version 13JUN2013

Please note the following: 
 
1. The following phone interview is done every 3-months. The 
upcoming dates will always be calculated from the date were the first 
interview was done. 
 
2.  Update CanCOLD Database and indicate whether the subject 
completed the Phone interview or not (if not indicate reasons.) 
 
3. Scan and e-mail all your new available phone interview forms in 
PDF to the National Coordination Office (NCO) on the 15th and the 
30th of each month (for monitoring and data entry).  



 250 

 
 

 

 

Canadian Cohort Obstructive Lung Disease CanCOLD 

 

PHONE INTERVIEW 

 

Subject:       Date (dd-mmm-yyyy):  Interview: 0 3 6 9 12 15 18 21 24 27 30 33 36 

 

13JUN2013                                   1 / 5 
 

Page 1 – GENERAL OVERVIEW  

Mandatory page for all interviews 
 

 

PLEASE HAVE ALL YOUR MEDICATIONS AND A CALENDAR, THIS WILL FACILITATE ANSWERING THE 
QUESTIONNAIRE 

 

1. During the last 3 months (or since this questionnaire was last administered,  on ______  _______  _______  

   read date to subject)  have you smoked?             dd         mmm      yyyy 

 

No   ○   Yes ○                       

 

 
2. In the last 3 months (or since this questionnaire was last administered) have you experienced an episode with 

new or changes in any respiratory symptoms (cough, phlegm, wheeze, breathlessness) that became 

worse for at least 2 days?   

 

No ○ (end of questionnaire)  Yes ○  !  Complete section on Page 2 - Respiratory Symptoms                                        

 
If yes: 

 
2.1 How many episodes* did you experience that became worse for at least 2 days that were separated by at least 

3 days? _______ 

 
 

2.2 Have you had any increases, additions or changes in medication related to these respiratory symptoms? 
 

No ○            Yes   ○   ! Complete section on Page 3 -  Medication  

 

 
2.3 Have you felt as though your work has been affected by these respiratory symptoms? 
 

I am retired   ○           No   ○          Yes    ○   ! Complete section on Page 4 - Work 

 
 
2.4. Have you had any health care visits related to these respiratory symptoms? 
  

No   ○           Yes   ○   !  Complete section on Page 5 - Health care visits (including unplanned physician 

visits, emergency department use and hospitalization) 

 
*Notes to the coordinator: 

· If the answer to these 2.2, 2.3 and 2.4 is “No”, then end the questionnaire. 

· If subject experienced more than one episode of changes/new respiratory symptoms that lasted for at least 2 
days and that are separated by at least 3 days, fill out a separate questionnaire for each episode.  

 
Completed by ID #:|_____|_____|_____|_____| 

  



 251 

 
 

 

 

Canadian Cohort Obstructive Lung Disease CanCOLD 

 

PHONE INTERVIEW 

 

Subject:       Date (dd-mmm-yyyy):  Interview: 0 3 6 9 12 15 18 21 24 27 30 33 36 

 

13JUN2013                                   2 / 5 
 

 
Page 2 - RESPIRATORY SYMPTOMS 

Repeat this page for each episode of new or changes in respiratory symptoms occurring in the last 3 
months (or since this questionnaire was last administered) 

 

 
1. In the last 3 months (or since this questionnaire was last administered) when did you experience an 

episode with new or changes in any respiratory symptoms that became worse for at least 2 days:   
 ______  _______  _______  

    dd         mmm        yyyy 

 
For approximately how many days did you experience these symptoms?  ___________  

                                                                        (minimum 2 days) 
 

2. Did any of the following respiratory symptoms change :  
 

Indicate with an X new or changes in the following respiratory symptoms  

 
Major respiratory symptoms 

 

○ Worsening dyspnea (worsening difficulty breathing) 

○ Increased production of sputum (more mucus produced) 

○ Increased sputum purulence (ex. change in colour from white to yellow, or yellow to green) 

          

Minor respiratory and related symptoms 
 

New onset of:  

○ Cough 

○ Wheezing 

○ Sore throat 

○ Fever or chills   (A fever is a temperature above 38°C or 100°F) 

○ Cold or flu-like symptoms (coryzal symptoms) 

○ Chest tightness 

○ Fatigue 

○ Difficulty with expectoration 

○ Night time awakening 

 
 

 
 

 

[BLUE FORM] 
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Canadian Cohort Obstructive Lung Disease CanCOLD 

 

PHONE INTERVIEW 

 

Subject:       Date (dd-mmm-yyyy):  Interview: 0 3 6 9 12 15 18 21 24 27 30 33 36 

 

13JUN2013                                   3 / 5 
 

Page 3 - MEDICATION 
Repeat this page for each episode of new or changes in respiratory symptoms occurring in the last 3 

months (or since this questionnaire was last administered) 
 

Note to coordinator: Identify the date that this episode started    ______  _______  _______  

                                          dd         mmm        yyyy 

 
In the last 3 months (or since this questionnaire was last administered), because of your respiratory 
symptoms, did you: 

 
1. Have to increase any of your regular medication?  

Yes  ○                 No  ○  (go to question 2)        

 

1.1 If yes, did these include increases in: 
Indicate with an X increases in the following respiratory medication  

○ Bronchodilators 

○ Inhaled corticosteroids 

○ Both bronchodilators and inhaled corticosteroids 

 
2. Begin taking any new medication related to these respiratory symptoms (new meaning not regular)?  

Yes   ○                    No ○ (go to question 3)        

 

2.1 If yes, did these include: 
Indicate with an X the addition of the following respiratory medication  

○  Short-acting bronchodilators (such as Ventolin, etc.) 

What was the approximate date that you started to take short-acting bronchodilators? _______  _______  ______  

                   dd         mmm        yyyy                                  

○ Oral corticosteroids (such as Prednisone, etc)   

What was the approximate date that you started to take oral corticosteroids? _______  _______  ______  

                   dd         mmm     yyyy                                   

○ Antibiotics  

What was the approximate date that you started to take antibiotics? _______  _______  ______  
                         dd         mmm        yyyy                                  

○ Others (prescription)  

What was the approximate date that you started to take any other medication? _______  _______  ______  
                   dd         mmm        yyyy                                 
        

3. Take any non-prescription medication (i.e. cough medicine, decongestant)? 

Yes  ○           No     ○ 

 
4. Take any non-prescription natural medication?  

Yes   ○          No    ○               [YELLOW FORM]  
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PHONE INTERVIEW 

 

Subject:       Date (dd-mmm-yyyy):  Interview: 0 3 6 9 12 15 18 21 24 27 30 33 36 

 

13JUN2013                                   4 / 5 
 

Page 4 - WORK 
Repeat this page for each episode of new or changes in respiratory symptoms occurring in the last 3 

months (or since this questionnaire was last administered) 
 

Note to coordinator: Identify the date that this episode started    ______  _______  _______  

                                          dd         mmm        yyyy 
 

 
1. In the last 3 months (or since this questionnaire was last administered), have you been working? 

 

Yes ○                No ○ (end of this section/page) 

 
 

 
1.1 If yes, did changes in your respiratory symptoms prevent you from going to work? 

 

Yes  ○  (answer 1.1.1)                No ○ (answer 1.1.2)              

 
 

1.1.1 If yes, how many days of work did you miss?  __________________ 

 
 

 
1.1.2 If no, was your job performance negatively affected by changes in your respiratory symptoms? 

 

Yes  ○              No ○ 

 
 

 
 

 

 
 

 
 

 

 
 

 
 
 
 

 

 
 

 
 

 

 
[PINK FORM] 
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Subject:       Date (dd-mmm-yyyy):  Interview: 0 3 6 9 12 15 18 21 24 27 30 33 36 
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Page 5 - MEDICAL VISITS 
Repeat this page for each episode of new or changes in respiratory symptoms occurring in the last 3 

months (or since this questionnaire was last administered)  
 

Note to coordinator: Identify the date that this episode started    ______  _______  _______  

                                dd         mmm        yyyy 
In the last 3 months (or since this questionnaire was last administered), because of changes in your 

respiratory symptoms, did you… 
 

Doctor visits 
1. Visit a doctor or did a doctor visit you (such as a doctor’s office, clinic or at home)? 

Yes  ○                            No   ○   (go to question 2)      

Doctor visit (event number) 1 2 3 

1.1 If yes, month of visit    

1.2 If yes, was this visit unscheduled 

(meaning that you saw a doctor as an 
emergency)? 

Yes  ○        
No   ○               

Yes  ○        
No   ○            

Yes  ○        
No   ○         

 

Emergency visits 
2. Have to visit the Emergency Room?  

Yes    ○            No    ○   (go to question 3)                                             

ER visit (event number) 1 2 3 

2.1 If yes, month of visit    

2.2 If yes, how long did you stay in the ER? (* 

SAE log) 
 

○  ≥ 24 hrs (*)                                

○  < 24 hrs  

○  ≥ 24 hrs (*)                                

○  < 24 hrs  

○  ≥ 24 hrs (*)                                

○  < 24 hrs  

Indicate with an X if stay was greater or equal to 24 hours or less than 24 hours, 24 hours meaning one day time AND one night time.  
1. Approximate date admitted to the ER  _________________# of days ______  Reason ___________________________________________ 

2. Approximate date admitted to the ER  _________________# of days ______  Reason ___________________________________________ 
3. Approximate date admitted to the ER  _________________# of days ______  Reason ___________________________________________ 

 
Hospital visits 

3. Have to be admitted to the hospital? 

Yes    ○       No   ○   (end)                   

Hospitalizations (event number) 1 2 3 

3.1 If yes, month of visit     

3.2 Were you admitted to the ICU during your 
hospitalization? 

Yes  ○        
No   ○               

Yes  ○        
No   ○               

Yes  ○        
No   ○               

3.3 For approximately how many days* were 
you in the hospital? (* SAE log) 

   

1. Approximate date admitted _________________________# of days ______  Reason ____________________________________________ 

2. Approximate date admitted _________________________# of days ______  Reason ____________________________________________ 
3. Approximate date admitted _________________________# of days ______  Reason ____________________________________________
  

* Record in the SAE log each admission/ER visit lasting greater or equal to 24 hours (occurring after the subject has 
signed Consent Form and since last questionnaire was administered).     

[GREEN FORM] 
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FRENCH EXACERBATION QUESTIONNAIRE 

 
 

 

 

 
 

 
 CASE REPORT FORM 

 (CRF) 

 
 

PHONE INTERVIEW 
 
 
 

FRENCH Questionnaire 

 

 
 

Version 13JUN2013

Please note the following: 
 
1. The following phone interview is done every 3-months. The 
upcoming dates will always be calculated from the date when the first 
interview was done. 
 
2.  Update CanCOLD Database and indicate whether the subject 
completed the Phone interview or not (if not indicate reasons.) 
 
3. Scan and e-mail all your new available phone interview forms in 
PDF to the National Coordination Office (NCO) on the 15th and the 
30th of each month (for monitoring and data entry).  
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Sujet:       Date (jj-mm-aaaa):  Entrevue: 0 3 6 9 12 15 18 21 24 27 30 33 36 
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Page 1 – APERÇU GÉNÉRAL  
OBLIGATOIRE pour chaque entrevue 

 

 

AYEZ TOUS VOS MÉDICAMENTS ET UN CALENDRIER AVEC VOUS LORSQUE VOUS RÉPONDEZ AU 
QUESTIONNAIRE 

 

1. Durant les 3 derniers mois (ou depuis la dernière fois que ce questionnaire a été complété, le ___   _____  _____ lire la 

date au sujet)  avez-vous fumé?                                                                                          jj       mmm   aaaa 

 

Non   ○   Oui   ○ 

 

 
2. Durant les 3 derniers mois (ou depuis la dernière fois que ce questionnaire a été complété) avez-vous éprouvé 

un épisode de nouveaux symptômes respiratoires (toux, purulence des sécrétions, sifflements, 

essoufflé) ou de changements dans ceux-ci, qui a persisté au moins 2 jours?   

 

Non ○ (fin du questionnaire)        Oui ○  !  Complétez la section Symptômes respiratoires à la Page 2                 
 

Si oui: 

 
2.1 Combien* d’épisodes d'au moins 2 jours séparés par au moins 3 jours avez-vous éprouvés?: _______ 

 
2.2 Avez-vous eu des augmentations, additions ou changements de médicaments reliés à ces symptômes 
respiratoires? 
 

Non ○            Oui   ○   ! Complétez la section Médicaments à la Page 4  

 
 
2.3 Avez-vous ressenti que votre travail a été affecté par ces symptômes respiratoires? 

 

Je suis retraité  ○           Non   ○          Oui    ○   ! Complétez la section Travail à la Page 5  

 
 

2.4 Avez-vous reçu des soins de santé reliés à ces symptômes respiratoires? 

  

Non   ○           Oui   ○   !  Complétez la section Visites reliées aux soins de santé à la Page 6  (qui 

inclut les visites non-planifiées chez un médecin, à l’urgence ou une hospitalisation) 

 

 
*Notes pour le coordinateur : 

· Si la réponse aux 2.2, 2.3 et 2.4 est « Non » le sujet a fini de répondre au questionnaire. 

· Si le sujet a éprouvé plus d’un épisode de nouveaux/changements de symptômes respiratoires qui a duré au 
moins 2 jours et qui sont séparés par au moins 3 jours, remplissez un nouveau questionnaire pour chacune de 

ces épisodes.  
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Complété par ID #:|_____|_____|_____|_____| 
 

Page 2 – SYMPTÔMES RESPIRATOIRES 
Remplissez cette page pour chacun des épisodes de nouveaux/changements  de symptômes respiratoires 

qui a eu lieu dans les 3 derniers mois (ou depuis que le questionnaire a été complété). 

 
 

1.  Durant les 3 derniers mois (ou depuis la dernière fois que ce questionnaire a été complété) quand avez-
vous éprouvé de nouveaux symptômes respiratoires ou des changements dans ceux-ci pendant au moins 2 

jours: 
____  _______  _______  

   jj           mmm      aaaa 

 
 Pendant environ combien de jours avez-vous éprouvé ces symptômes?  ___________  

                                                                        (minimum 2 jours) 
 

2. Avez-vous éprouvé les symptômes suivant :  
 

Indiquez avec un X les nouveaux symptômes ou les changements de symptômes respiratoires suivants 

 
Symptômes respiratoires majeurs 

 

○ Aggravation de la dyspnée (aggravation de la difficulté de respirer) 

○ Augmentation de la production des sécrétions (plus de mucus produit) 

○ Augmentation de la purulence des sécrétions (ex. changement de couleur de blanc à jaune, ou de jaune à vert) 

          

Symptômes respiratoires mineurs et symptômes liés 
 

Nouveaux symptômes présentés: 

○ Toux 

○ Sifflements 

○ Mal de gorge 

○ Fièvre ou frissons (Une fièvre est une température au delà de 38°C ou 100°F) 

○ Symptômes de grippe ou de rhume 

○ Serrement de la poitrine 

○ Fatigue 

○ Difficulté d’expectorer 

○ Éveils durant la nuit 
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Sujet:       Date (jj-mm-aaaa):  Entrevue: 0 3 6 9 12 15 18 21 24 27 30 33 36 
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[PAPIER BLEU] 

Page 3 - MÉDICAMENTS 
Remplissez cette page pour chacun des épisodes de nouveaux/changements  de symptômes respiratoires 
qui a eu lieu dans les 3 derniers mois (ou depuis que le questionnaire a été complété). 

 

Note pour le coordinateur: Identifiez la date approximative du début ce cet épisode ____  _______  _______  
                                                   jj           mmm     aaaa 

Durant les 3 derniers mois (ou depuis la dernière fois que ce questionnaire a été complété), à cause de vos 
symptômes respiratoires, avez-vous: 

 
1. Augmenté vos médicaments réguliers?  

Oui  ○                 Non  ○  (si non: répondez à la question 2)        

 

1.1 Si oui, est ce que ceci incluait des augmentations de: 
Indiquez avec un X les augmentations dans les médicaments respiratoires suivant  

○ Bronchodilatateurs 

○ Corticostéroïdes inhalés 

○ Bronchodilatateurs et corticostéroïdes inhalés 

 
2. Commencé à prendre de nouveaux médicaments reliés à ces symptômes respiratoires (nouveaux voulant dire 

pas réguliers)?  

Oui   ○                    Non  ○ (si non: répondez à la question 3)        

 
2.1 Si oui, est ce qu’ils incluaient: 

Indiquez avec un X s’il y a eu un ajout des médicaments respiratoires suivants 

○ Bronchodilatateurs à courte durée d’action (comme du Ventolin, etc)    

 Qu’elle était la date approx. à laquelle vous avez commencé à prendre ces bronchodilatateurs? ____  ____  ____   
                  jj      mmm aaaa 

○ Corticostéroïdes oraux (comme de la Prednisone, etc) 

Qu’elle était la date approx. à laquelle vous avez commencé à prendre ces corticostéroïdes?  ____  ____  ____   

                           jj    mmm  aaaa 

○ Antibiotiques  

Qu’elle est la date approx. à laquelle vous avez commencé à prendre des antibiotiques? ____  ____  ____   
                              jj     mmm  aaaa 

○ Autres (prescription)  

Qu’elle est la date approx. à laquelle vous avez commencé à prendre ces autres médicaments? ____  ____  ____   

                  jj      mmm aaaa 

 
3. Pris des médicaments qui ne requièrent pas de prescription (i.e. médicaments contre la toux, décongestionnant)? 

  Oui  ○           Non     ○ 

 

4. Pris des médicaments qui ne requièrent pas de prescription et qui sont naturels?  

  Oui   ○          Non     ○            [PAPIER JAUNE]  
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Page 4 - TRAVAIL 
Remplissez cette page pour chacun des épisodes de nouveaux/changements  de symptômes respiratoires 

qui a eu lieu dans les 3 derniers mois (ou depuis que le questionnaire a été complété). 
 

Note pour le coordinateur: Identifiez la date approximative du début ce cet épisode ____  _______  _______  

                                                   jj           mmm     aaaa 
 

1. Durant les 3 derniers mois (ou depuis la dernière fois que ce questionnaire a été complété), avez-vous 
travaillé? 

 

Oui  ○                Non ○ (fin de cette section/page) 

 
 

 
1.1 Si oui, est ce que des changements dans vos symptômes respiratoires vous ont empêché d’aller au travail? 

 

Oui  ○  (répondez à la question 1.1.1)               Non ○ (répondez à la question 1.1.2)              

 
 

1.1.1 Si oui, combien de jours de travail avez-vous manqués?  __________________ 

 
 

 
1.1.2 Si non, est ce que votre performance au travail a été négativement affectée par vos symptômes 

respiratoires? 
 

Oui  ○              Non  ○ 

 

 
 

 

 
 

 
 

 

 
 

 
 
 
 

 

 
 

 
 

 

 
[PAPIER ROSE] 
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Page 5 – VISITES RELIÉES AUX SOINS DE SANTÉ 
Remplissez cette page pour chacun des épisodes de nouveaux/changements de symptômes respiratoires 

qui a eu lieu dans les 3 derniers mois (ou depuis que le questionnaire a été complété)  
 

Note pour le coordinateur: Identifiez la date approximative du début ce cet épisode ____  _______  _______  

                                                   jj           mmm     aaaa 
Durant les 3 derniers mois (ou depuis la dernière fois que ce questionnaire a été complété), à cause de vos 

symptômes respiratoires, avez vous… 
 

Visites de médecin  
1. Visité un médecin ou est ce qu’un médecin vous a visité? 

Oui  ○                            Non   ○   (répondez à la question 2)      

Visites de médecin (numéro de la visite) 1 2 3 

1.1 Si oui, quel est le mois de la visite?    

1.2 Si oui, est-ce que cette visite était non-

prévue (c'est à dire que vous avez vu ce 
médecin à cause d’une urgence)? 

Oui  ○        
Non   ○               

Oui  ○        
Non   ○               

Oui  ○        
Non   ○               

 

Visites de la salle d’urgence                  
2. Visité une salle d’urgence?  

Oui    ○            Non    ○   (répondez à la question 3)                

Visites de la salle d’urgence (numéro de la visite) 1 2 3 

2.1 Si oui, quel est le mois de la visite?    

2.2 Si oui, combien de temps êtes-vous resté 

dans la salle d’urgence? (* log des SAE)  
 

○  ≥ 24 hrs (*)                                

○  < 24 hrs  

○  ≥ 24 hrs (*)                                

○  < 24 hrs  

○  ≥ 24 hrs (*)                                

○  < 24 hrs  

Indiquez avec un X si le sujet est resté au moins 24 heures ou moins que 24 heures à l’urgence (24 heures voulant dire un jour ET une nuit). 

1. Date approx. de l’admission à l’urgence  _____________  # de jours______  Raison _____________________________________________ 
2  Date approx. de l’admission à l’urgence  _____________  # de jours______  Raison _____________________________________________ 
3. Date approx. de l’admission à l’urgence  _____________  # de jours______  Raison _____________________________________________ 

 
Visites d’un hôpital 
3. Été admis à l’hôpital? 

Oui    ○       Non   ○   (fin)      

Visites d’un hôpital (numéro de la visite) 1 2 3 

3.1 Si oui, quel est le mois de la visite?    

3.2 Si oui, étiez-vous admis aux soins 
intensifs lors de votre hospitalisation?     

Oui  ○        
Non   ○               

Oui  ○        
Non   ○                             

Oui  ○        
Non   ○               

3.3 Si oui, combien de temps êtes-vous resté* 

à l’hôpital? (* log des SAE) 

   

1. Date approx. de l’admission ______________________  # de jours______  Raison _____________________________________________ 
2  Date approx. de l’admission ______________________  # de jours______  Raison _____________________________________________ 
3. Date approx. de l’admission ______________________  # de jours______  Raison _____________________________________________ 

 

* Inscrivez dans le log des SAE chaque visite à l’urgence/hospitalisation qui a duré au moins 24 heures (qui est 
arrivée après que le sujet a signé le consentement et la dernière fois que ce questionnaire a été complété).  

[PAPIER VERT] 
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Table S1. Associations between RelB expression levels and clinical features of both 

exacerbating and stable-state patients (n = 48) and its ability to predict changes in these 

features. 

 Associations Ability to predict change in clinical features 

Clinical features 
Correlation 

coefficient 
P-value ß (95% CI) P-value 

Systolic BP -0.42 0.0030* -51205.3 (-89737.3 - -12673.4) 0.010* 

Diastolic BP -0.33 0.022* -30750.3 (-62720.6 - 1219.91) 0.059 

Pulse (BPM) -0.38 0.0080* -43450.1 (-78570.1 - -8330.11) 0.017* 

O2 saturation (%) 0.070 0.62 2282.89 (-4423.89 - 8989.67) 0.50 

pH -0.18 0.33 -23.34 (-121.59 - 74.91) 0.63 

PO2 (mmHg) -0.12 0.50 -3703.96 (-31894.9 - 24486.97) 0.79 

PCO2 (mmHg) 0.34 0.050* 11295.79 (-3690.84 - 26282.43) 0.13 

Na+ (mmol/L) 0.29 0.11 6364.29 (-5672.46 - 18401.04) 0.29 

K+ (mmol/L) -0.29 0.11 -2956.32 (-6340.64 - 428.00) 0.084 

Ca++ (mmol/L) 0.15 0.42 22.72 (-115.24 - 160.68) 0.74 

Hct (%) -0.14 0.44 -10363.1 (-26522.9 - 5796.77) 0.20 

Approximate number of 

exacerbations reported during 

the previous year 

-0.1 0.51 -1009.36 (-4995.93 - 2977.21) 0.62 

FEV1 L 0.11 0.46 -54.56 (-863.62 - 754.49) 0.89 

FEV1 % predicted -0.07 0.63 -18874.4 (-49897.7 - 12148.90) 0.23 

FEV1/FVC -0.22 0.15 -300.82 (-569.17 - -32.48) 0.029* 

mean cfPWV (m/s) 0.15 0.34 2012.17 (-9002.75 - 13027.09) 0.71 

mean MAP (mmHg) -0.2 0.21 -16046.9 (-50007.2 - 17913.50) 0.34 

mean PP (mmHg) 0.31 0.051 29042.30 (3063.65 - 55020.94) 0.030* 

mean AP (mmHg) 0.24 0.14 13136.28 (-971.24 - 27243.80) 0.067 

mean Aix (%) 0.15 0.34 18482.26 (-10646.3 - 47610.86) 0.21 

mean crPWV 1 (m/s) 0.12 0.44 841.56 (-2867.24 - 4550.37) 0.65 

Cholesterol (mmol/L) -0.15 0.32 -511.91 (-3010.68 - 1986.86) 0.68 

Triglycerides (mmol/L) 0.040 0.82 272.50 (-1368.49 - 1913.49) 0.74 

HDL (mmol/L) -0.14 0.38 -156.49 (-1425.70 - 1112.71) 0.80 

LDL (mmol/L) -0.12 0.46 -478.54 (-2746.65 - 1789.57) 0.67 

Cholesterol/HDL 0.030 0.82 -54.97 (-2426.23 - 2316.29) 0.96 

WBC (10^9/L) -0.12 0.42 -2813.16 (-12962.0 - 7335.69) 0.58 

RBC (10^12/L) -0.06 0.70 -737.39 (-2077.71 - 602.93) 0.27 

Hemoglobin (g/L) -0.18 0.23 -31628.3 (-71677.7 - 8421.00) 0.12 

Hct (L/L) -0.14 0.35 -80.22 (-198.90 - 38.46) 0.18 

Mean cell vol. (fL) -0.14 0.36 -3049.93 (-17685.5 - 11585.62) 0.68 

Mean cell hemoglobin (pg/cell) -0.18 0.23 -2086.62 (-7842.80 - 3669.56) 0.47 

Mean cell hemoglobin Conc. 

(g/L) 
-0.2 0.17 -11957.5 (-33895.0 - 9980.04) 0.28 

RBC diameter Width (cV) 0.29 0.054 2650.85 (-1663.19 - 6964.90) 0.22 

Platelet (10^9/L) -0.18 0.24 -73614.0 (-271159 - 123931.5) 0.46 

Platelet Hct -0.13 0.40 -37.11 (-189.86 - 115.64) 0.63 

Mean platelet vol. (fL) 0.16 0.30 563.72 (-1165.91 - 2293.35) 0.51 

Platelet Dist. Width (cV) 0.030 0.86 342.31 (-838.73 - 1523.34) 0.56 
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Abs. Lymphocyte (10^9/L) 0.33 0.025* 1463.58 (-10.50 - 2937.66) 0.052 

Abs. MNC (10^9/L) 0.20 0.18 239.08 (-572.63 - 1050.80) 0.56 

Abs. Neutrophil (10^9/L) -0.2 0.17 -5032.65 (-15249.6 - 5184.34) 0.33 

Abs. Eosinophil (10^9/L) 0.44 0.0020* 273.19 (39.32 - 507.06) 0.023* 

Abs. Basophil (10^9/L) 0.24 0.11 80.54 (-8.99 - 170.08) 0.077 

Bicarbonate Level (mmol/L) 0.36 0.016* 7183.79 (344.14 - 14023.45) 0.040* 

Anion Gap (mmol/L) -0.46 0.0010* -7400.53 (-12612.0 - -2189.07) 0.0070* 

Creatinine (umol/L) -0.08 0.62 -21089.4 (-76711.5 - 34532.62) 0.45 

Glucose Random (mmol/L) -0.45 0.0020* -11766.3 (-20056.2 - -3476.45) 0.0070* 

Chloride (mmol/L) 0.20 0.20 6280.30 (-3149.26 - 15709.86) 0.19 

Potassium (mmol/L) -0.09 0.58 -131.31 (-1059.12 - 796.51) 0.78 

Sodium (mmol/L) 0.27 0.069 6063.56 (-1496.57 - 13623.70) 0.11 

Pearson correlation coefficients were used to determine associations. Linear regression models were used to estimate predictors of change in 

clinical features and were adjusted for age, sex, body mass index, and smoking pack-years. RelB was used as an independent variable to predict 
changes in all clinical features of patients. ß represents the change in a clinical feature associated with a one-unit change in RelB expression. 

*Denotes statistical significance p<0.05. BPM: beats per minute, O2: oxygen, PO2: partial pressure of oxygen, PCO2: partial pressure of carbon 

dioxide, Na+: sodium, K+: potassium, Ca++: calcium, Hct: hematocrit, FEV1: forced expiratory volume in 1 second, FVC: forced vital 
capacity, BP: blood pressure, cfPWV: carotid-femoral pulse wave velocity, MAP: mean arterial pressure, PP: pulse pressure, AP: augmentation 

pressure, Aix: augmentation index, crPWV: carotid-radial pulse wave velocity, HDL: high-density lipoprotein, LDL: low-density lipoprotein, 

WBC: white blood cell, RBC: red blood cell, vol.: volume, Abs.: absolute, MNC: monocyte. 
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Figure S1. Mean fold difference (± standard error) in RelB mRNA expression at 

exacerbation (n = 30) relative to RelB mRNA expression in stable-state patients (n = 18). 

Fold decrease in RelB expression at exacerbation is 1.43 (p<0.001). 

 

 


