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Preface

Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity
and mortality worldwide. Over the last few decades, the study of COPD has
become one of the most rapidly developing fields in medicine. The recent years
have provided clinicians and researchers with major advances in the under-
standing of underlying mechanisms in COPD. In the past decades, COPD was
classified solely on the basis of the degree of airflow limitation. Nowadays,
COPD is regarded as a heterogeneous disease, with multiple etiological factors,
clinical phenotypes, and comorbidities. One of the main reasons for poor
understanding and poor treatment is the heterogeneity of COPD. The strategy
for the management of COPD is moving toward a more personalized approach
compared with the historical approach. Dissecting the heterogeneity would
lead to a better understanding and effective personalized treatment of COPD.

Airway Vista, also known as Chronic Obstructive Airway Diseases
Symposium, has been hosted by the Obstructive Lung Disease Research
Foundation in South Korea since 2008. This academic event is designed to offer
respiratory health professionals new horizons in their understanding of COPD
and asthma. The scientific program of the symposium includes the most signifi-
cant advances in the researches of chronic airway diseases, COPD, asthma, and
pulmonary functional imaging. We have held Airway Vista successfully every
year, featuring more than 50 world-renowned speakers respectively. This year
(2017) has marked the 10th anniversary of Airway Vista. To celebrate the
achievements of this 10-year-old symposium, we decided to publish a textbook
by gathering the contents of previous symposium programs. We have tried to
provide readers with an overview of COPD, the current understanding of its
pathobiology, and a contemporary approach to diagnosis and treatment. With
this goal in mind, a group of experts took the task of developing this publica-
tion, focusing on essential issues that all providers should be aware of.

The first chapter of this book covers overviews of COPD which include
the current definition, epidemiology, risk factors, and pathogenesis of COPD.
The second chapter is comprised of diagnosis and assessment given to COPD
patients. In Chap. 3, COPD heterogeneity was described in a clinical pheno-
type as well as radiological and genetic aspects. Various pharmacological and
nonpharmacological management strategies are reviewed based on evidence
in the fourth chapter. The final chapter outlines a future perspective on COPD.

This book presents state-of-the-art knowledge on issues related to heteroge-
neity, such as phenotypes (clinical, physiological, radiological, etc.), geno-
types, tools to be used for dissecting heterogeneity (CT/MRI/Scan, Biomarkers
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etc.), and tailored treatment strategies in each subgroup of patients. Especially,
radiologic imaging is a new promising tool for this issue and will be presented
in detail with numerous figures. A further key feature is presentation about the
current and future treatment strategies for tailored medicine including broncho-
scopic lung volume reduction, pulmonary hypertension, and comorbidity man-
agement. This textbook will become a great asset in clinical practice and
research to all who are involved or interested in COPD.

I would like to acknowledge the work done by the members of the Korean
Obstructive Lung Disease (KOLD) Cohort Study who contributed to the
preparation of this book. We are especially grateful to all contributing authors
from abroad: Norbert Voelkel, Edwin Silverman, Meilan Han, Paul Jones,
Rubin Tuder, and Nurdan Kokturk. Finally we wish to thank our families for
their patience and consistent support during our academic lives.

I hope that all readers will find these chapters as helpful and insightful as
we have.

Seoul, South Korea Sang-Do Lee
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Overview



Definition and Epidemiology

of COPD

Young Sam Kim

Definition of COPD

Chronic Obstructive Pulmonary Disease (COPD)
is a common disease and prevalence is increasing
worldwide. It is characterized by persistent air-
way obstruction that is partially reversible but it
is considered preventable and treatable disease
now. Airflow limitation is associated with chronic
and abnormal inflammatory response in the air-
ways and the lung to noxious stimuli [1]. Airway
obstruction is defined by a reduction of expira-
tory airflow. Generally, forced expiratory volume
in 1 s/forced volume capacity (FEV,/FVC) ratio
of less than 70% after bronchodilator has been
used to identify COPD patient. The use of lower
limit of normal (LLN) values has been proposed
to define airflow limitation by spirometry, but
current Global initiative for chronic Obstructive
Lung Disease (GOLD) and American Thoracic
Society/European Respiratory Society guidelines
continue to recommend the fixed ratio criteria
instead of an LLN for the diagnosis of COPD [1].
Patients with COPD have shown a great deal of
heterogeneity and can be classified according to
their clinical and radiologic parameters, biomarkers,
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lung function impairment and prognosis [2].
Traditionally, COPD has been classified as
chronic bronchitis (CB) and emphysema. CB is
defined as the presence of a chronic productive
cough for 3 months in each of two consecutive
years. Emphysema is defined as the destruction
of alveolar walls and permanent enlargement of
the airspaces distal to the terminal bronchioles.
Current GOLD guidelines do not include the use
of these terms in the definition of COPD. Asthma
and COPD represent different disease entity with
different pathogeneses and risk factors.
Sometimes clinical manifestations of both dis-
eases may overlap in a patient with airway
obstruction and cannot be classified as COPD or
asthma only. Large population studies show that
some of the patients with airway obstruction are
classified with more than one diagnosis.
Therefore, overlapping diagnoses of asthma and
COPD has been proposed and it is called COPD
and Asthma Overlap Syndrome (ACOS) [1].

Epidemiology of COPD

COPD is a leading cause of morbidity and
mortality worldwide. The prevalence and bur-
den of COPD is increasing now. It is due to
continued exposure of risk factors especially
smoking and aging population. Estimate of
prevalence and incidence of COPD is different
according to the study population and diagnos-
tic criteria [2, 3].


mailto:ysamkim@yuhs.ac

Y.S. Kim

Prevalence

Prevalence of COPD shows remarkable variation
due to differences in study population, survey
method, and diagnostic criteria [4]. Meta-analysis
of 62 studies published between 1990 and 2004
that included prevalence estimates from 28 differ-
ent countries reported a pooled prevalence of
COPD of 7.6%. The prevalence estimate increased
to 8.9% from epidemiologic studies using spirom-
etry data. Consistent with previous observations,
COPD prevalence was higher among studies using
GOLD criteria to define COPD compared with
other classification methods. Prevalence was low
when it is calculated from self-reporting or physi-
cian diagnosis of COPD.

In the USA, data from the Third National
Health and Nutrition Examination Survey
(NHANES III) estimated that 23.6 million adults
(13.9%) met GOLD definition of COPD (stage 1
or higher) in 2000 [1]. According to NHANES
data from 2007 to 2010, the prevalence of airway
obstruction was 13.5% for adults aged
20-79 years old, comprising 28.9 million people.
Among them, 15.9 million had mild degree of
obstruction and 12.9 million showed moderate to
severe obstruction [5].

The Latin American Project for the Investigation
of Obstructive Lung Disease (PLATINO) exam-
ined the prevalence of post-bronchodilator airflow
limitation among persons over age 40 in five major
Latin American cities. The prevalence of COPD
ranged from 7.8 to 20.0%. The prevalence is
higher in men, in older people, and in those with
lower education, lower body-mass index, and
greater exposure to smoking [6].

In 2002, the Burden of Obstructive Lung
Disease (BOLD) project has been proposed to
estimate prevalence globally. This is standardized
and population-based epidemiologic studies.
Post-bronchodilator FEV ,/FVC ratio of less than
0.7 was used to define the presence of COPD [1].
Participants from 12 countries included in the
BOLD study and performed post-bronchodilator
spirometry testing and questionnaire survey. The
prevalence of COPD that was GOLD stage I or
higher varied across countries and was generally
greater in men than in women. The prevalence of

stage II or higher COPD was 1-10% overall,
8—11% for men, and 5—-8% for women [7].

In Asia, Nippon COPD Epidemiology (NICE)
Study was performed to estimate prevalence of
COPD in Japanese adults. Prevalence of airflow
limitation was 10.9%. Among them, 56% of
cases were classified to mild, 38% moderate, 6%
severe degree of airway obstruction. Airflow lim-
itation was more common in males [8]. In South
Korea, nationwide epidemiologic survey called
Korean National Health and Nutrition
Examination Survey III (KNHANES III) was
performed in 2001. The prevalence of airflow
limitation by GOLD criteria was 17.2% (men,
25.8%; women, 9.6%) among adults older than
45 years. Most of these cases were mild in degree,
and only a minority of these subjects had received
physician diagnosis or treatment [9]. According
to the data from the fourth Korean National
Health and Nutrition Survey, prevalence of air-
way obstruction was detected in 8.8% of subjects
over age 19 and 13.4% of adults older than
40 years (19.4% of men and 7.9% of women)
[10]. According to population-based survey data
from seven China provinces/cities, overall preva-
lence of COPD over 40 years old was 8.2% (men,
12.4%; women, 5.1%). COPD was more com-
mon in rural residents, elderly patients, smokers,
and in those who were exposed to occupational
dusts or biomass fuels [11].

In Africa, median prevalence of COPD based
on spirometry in persons aged 40 years or older
was 13.4%. When applied to the appropriate age
group (40 years or more), which accounted for
196.4 million people in Africa in 2010, the esti-
mated prevalence translates into 26.3 million
(18.5-43.4 million) cases of COPD [12].

BOLD and PLATINO study which applied
standardized survey methods and used same defi-
nition of COPD demonstrate a variable preva-
lence estimates ranging from 5.1% in Chinese
women to 22.2% in South African men [2]. In
developed countries, prevalence of COPD is
8—10% among adults 40 years of age and older;
whereas, in developing countries, prevalence
varies significantly among countries and is diffi-
cult to estimate. Recent studies which estimate
prevalence change of COPD revealed that
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prevalence has been decreased or stabilized in
some developed countries. But most of the world
population is still exposed to smoking, biomass
fuels, and other environmental risk factors, and
prevalence is still high and increasing in the later
part of last century [1]. The pooled prevalence of
COPD was 7.6% from 37 studies. Prevalence of
CB alone was 6.4% and of emphysema alone was
1.8%. The pooled prevalence from spirometric
survey data was 8.9% [4]. According to NHANES
IIT study of USA, 70% of adults with airflow
obstruction had never received the diagnosis of
COPD. The IBERPOC study in Spain also
reported that there was no previous diagnosis of
COPD in 78% of identified cases. Underdiagnosis
and undertreatment is still a significant problem
worldwide [13].

Incidence

In this large population-based cohort study of
the general Dutch population of 40 years and
older, the overall incidence rate of physician-
diagnosed COPD was 2.92/1000 person-year.
Based on these data, the risk to be diagnosed
with COPD in the coming 40 years was 12.7%
for a 40-year-old male and 8.3% for a 40-year-
old female. The incidence increased with age,
and was higher in men than in women. Known

Table 1.1 Incidence rate of COPD

risk factors of COPD were confirmed such as
smoking status, male gender, and increasing age
[14]. Incidence rate of COPD is reported from
2000 to 13,500/100,000 person-year worldwide
(Table 1.1) [15-18].

Mortality

Due to inconsistent COPD coding at the report of
death and different use of diagnostic criteria,
mortality data must be interpreted cautiously.
Mortality may be underestimated because of
underdiagnosis problem. However, it is clear that
COPD is one of the most important causes of
death in most countries [13]. According to the
World Health Organization, COPD is the fourth
leading cause of death in the world. Approximately
2.7 million deaths from COPD occurred in 2000,
half of them in the Western Pacific Region espe-
cially in China. Annually 400,000 deaths occur in
developed countries [3]. In Europe, mortality
rates are variable ranging from 20 to 80 per
100,000 population [19]. A report of global bur-
den of disease study that included mortality
between 1990 and 2010 demonstrates that COPD
is now the third leading cause of mortality in the
world, although the number of deaths attributed
to COPD decreased from 3.1 to 2.9 million
annually.

Number
Cohort | Follow-up |of COPD | Age
Author Nation (City) Year size period case (years) Incidence rate
Van Durme et al. | Netherlands 1990-2004 | 7983 11 648 >55 9.2/1000
(Rotterdam) person-year
Krzyzanowski Poland 1968-1981 | 4612 13 1864 19-70 5.0/1000
et al. (Cracow) person-year
Huhti et al. Finland 1961-1971 | 1476 10 1163 40-64 2.0/1000
(Harjavalta) person-year
and 10.0/1000
person-year
for smokers
Lindberg et al. Sweden 1996-2003 | 963 7 45 46-77 6.7/1000
(Norrbotten) (>Gold person-year
1D), 91 for >Gold II
(>Gold I) and 13.5/1000
person-year
for >Gold I
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In the period of 1965-1998, death rates from
coronary heart disease, strokes, and other cardio-
vascular diseases decreased but deaths from
COPD increased by 163% [13]. However, accord-
ing to the data from the NHANES I and NHANES
1T follow-up studies, mortality rate is decreased
by 15.8% for participants with moderate or
severe COPD and 25.2% for those with mild
COPD. Overall mortality of COPD in the USA
may be decreasing recently [1]. In China, COPD
ranks as the fourth leading cause of death in urban
areas and third leading in rural areas. Both crude
and age-adjusted COPD mortality rates have fluc-
tuated but have displayed a decreasing trend from
1990 [20]. The World Health Organization (WHO)
has predicted that COPD will become the third
most common cause of death in the world by 2030
[1]. Other study reports that COPD will become
the fourth leading cause of death and 7.8% of
death worldwide [21]. Mortality was high espe-
cially in very severe COPD patients in whom 26%
died after 1 year of follow-up, whereas 2.8% died
among the non-COPD subjects [14]. This
increased mortality of COPD is mainly caused by
worldwide epidemic of smoking and aging of the
world population [13].

Economic and Social Burden

COPD is associated with significant economic
burden. In the USA, economic burden of COPD
was estimated to be US $15.5 billion in 1993.
Some studies have shown that the cost of hospital
stay represents 40-57% of the total direct costs
generated by patients with COPD, reaching up to
63% in severe patients. In the USA, the mean
cost of hospital admission by COPD in a cohort
of patients with severe COPD was estimated to
be US $7100 [13]. In terms of direct medical
costs of COPD in 2005, the cost per patient was
estimated at US $2700-5900 for attributable
costs and to US $6100-6600 for excess costs
[22]. Recently estimated direct costs of COPD
are $29.5 billion and the indirect costs $20.4 bil-
lion. In a cohort study of 413 patients with COPD,
direct healthcare costs were US $1681 for mild

COPD patients, US $5037 for patients with mod-
erate COPD, and US $10,812 for severe COPD
patient. COPD exacerbations account for the
greatest proportion of the total cost. In a phar-
maco-economic study of COPD patient treated in
the outpatient clinic, the average direct cost of
acute exacerbation was US $159 [13]. In the
European Union, the total direct costs of respira-
tory disease are estimated to be about 6% of the
total cost. Medical cost of COPD accounts for
56% of this cost of respiratory disease. Direct
cost of COPD tends to increase in the elderly age
above 65 years old because of frequent use of
acute healthcare services due to COPD exacerba-
tions [23]. The DALYs for a specific condition
are the sum of years lost because of premature
mortality and years of life lived with disability,
adjusted for the severity of disability. In 1990,
COPD was the 12th leading cause of DALYs lost
in the world, responsible for 2.1% of the total.
According to the projects, COPD will be the sev-
enth leading cause of DALY lost worldwide in
2030. In the Global Burden of Disease Study
2013 (GBD 2013), migraine, hearing loss,
COPD, anxiety, and diabetes are included in the
top ten cause of DALY lost [24].
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Risk Factors: Factors That
Influence Disease Development
and Progression

JiYe Jung

Genes

The most well-known genetic factor related with
COPD is a severe hereditary deficiency of alpha-1
antitrypsin (AAT). AAT is the prototypic member
of the serine protease inhibitor superfamily of
proteins, which have a major role in inactivating
neutrophil elastase and other proteases to main-
tain protease—antiprotease balance. Smoking is
most important risk factor for accelerating the
airflow obstruction and the onset of dyspnea in
those with deficiency of AAT [1]. In nonsmokers
with AAT deficiency, lung function declined
faster in male and those with increasing age
(especially after 50 years old), asthmatic symp-
toms, and occupations exposure to airway irri-
tants [2].

Familial aggregation of COPD has been
reported in a few studies [3, 4]. In Danish and
Swedish Twin Registry, genetic factor was related
with approximately 60% of the individual sus-
ceptibility to develop severe COPD [5]. Various
other genes are being investigated in relation to
development and progression of COPD in differ-
ent ethnicities.
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Gender

COPD has been far more frequent in men than in
women in regard to patterns of smoking and
occupational exposures. However, COPD-related
deaths among women continued to increase and
it surpassed the number among men by 2000 in
the United States [6]. Several studies suggested
that women are more susceptible to smoking-
related decline in lung function than men [7-12],
and women were at a higher risk of hospitaliza-
tion for COPD [10]. Globally, women are more
exposed to biomass fuels related with cooking
over open fires compared with men, and women
exposed to smoke for cooking had a higher risk
of COPD [13-17].

Lung Growth and Development

Lung growth and development starts from the
period of gestation, at the birth, and during the
childhood and adolescence. Airflow limitation
persisted from mid-childhood to adulthood after
extreme preterm birth, most evident in those with
neonatal bronchopulmonary dysplasia. They may
experience an earlier and steeper decline in lung
function during adulthood [18, 19]. In relation to
birth weight, a meta-analysis reported positive
association between birth weight and FEV, [20].
Low birth weight was associated with worse
adult lung function and higher rate of death from
COPD in adult life [21]. Poor airway function
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shortly after birth was a risk factor for airflow
obstruction in young adults [22]. People with
early life disadvantages (e.g., maternal asthma,
paternal asthma, childhood asthma, maternal
smoking, and childhood respiratory infections)
have permanently lower lung function and
showed no catch-up with age with slightly larger
decline in lung function increasing the risk of
COPD [23].

Exposure to Particles
Cigarette Smoking

Among the smokers, the proportion of patients
with COPD varies from 12 to 35% with dose
response to smoking amount [24, 25]. However,
recent data reported development of COPD in
up to 50% of elderly smokers in Sweden [26].
Among the patients with COPD, ever smokers
account for two-third of the prevalence glob-
ally [24, 27-30]. Other type of tobacco such as
water pipe negatively affects lung function and
marijuana is associated with increased respira-
tory symptoms suggestive of obstructive lung
disease [31, 32]. Children whose mothers
smoked during pregnancy had significantly
lower lung function than did children whose
mothers never smoked. Moreover, effects of
exposure to tobacco smoking by the mother
during pregnancy and/or environmental
tobacco smoke exposure in the first few years
of life persist into childhood and may affect the
pulmonary function attained throughout the
child’s life [33, 34].

Smoking cessation brought a small recovery
in pulmonary function, but ceased to low pulmo-
nary function at an accelerated rate [35-38].
However, reduction in smoking amount did not
demonstrate linear relationship in reduction in
the rate of lung function decline in continuing
smokers in the Lung Health Study [37].

In the study of 50-year trend in smoking-
related mortality in the United States, male and
female current smokers with 55 years of age or
older showed similar relative risks for death
from COPD (25.6 for men and 22.4 for women)

in the contemporary cohorts between 2000 and
2010 [39]. The hazard ratio for mortality in the
usual care group compared with the smoking
cessation program intervention group was 1.18
(95% CU, 1.02—1.37) during 14.5 years of fol-
low-up of COPD patients in the Lung Health
Study [40].

Occupational Exposures to Dusts,
Chemical Agents, Fumes

Occupational exposure contributed to the
development and influenced clinical course of
COPD. According to ecological analysis of
international data using BOLD (Burden of
Obstructive Lung Disease), PLATINO (Project
for Investigation of Obstructive Lung Disease),
and ECRHS (European Community Respiratory
Health Survey follow-up study), 0.8% of
COPD prevalence increased as 10% of expo-
sure prevalence increased [41]. The model pre-
dicted 20% relative reduction in COPD
prevalence (i.e., 3.4-2.7%) by 8.8% reduction
in prevalence of occupational exposure. The
occupational effect was higher in women than
in males [41]. Self-reported exposure to vapors,
gas, dust, or fumes on the longest held job was
associated with an increased risk of COPD
(OR = 2.11) [42]. Biological dust increased
risk of chronic obstructive bronchitis
(OR = 3.19), emphysema (OR = 3.18), and
COPD (OR = 2.70). The risk was higher in
women than in men, and no significant
increased risks for COPD were found for min-
eral dust or gases/fumes [43]. Joint exposure to
both smoking and occupational factors mark-
edly increased the risk of COPD (OR 14.1)
[42]. Besides causing COPD, occupational
exposure affected decline of lung function in
COPD. In men with early COPD, continued
fume exposure was associated with a 0.25%
predicted reduction in FEV,% predicted every
year [44]. Occupational exposure is also related
with mortality in COPD. Construction workers
exposed to inorganic dusts demonstrated
increased mortality compared to other unex-
posed construction workers [45].



2 Risk Factors: Factors That Influence Disease Development and Progression 1

Indoor Air Pollution

Burning biomass fuel (wood, animal dung, and
crop waste) for cooking and heating in poorly
ventilated homes is the major source of indoor air
pollution. In rural area where the smoking is less
common, indoor pollutants from biomass fuels is
an important risk factor for COPD [46, 47].
Exposure to wood smoke could equal up to 20
pack-years of active exposure to cigarette smoke
[48]. According to meta-analysis, consistent evi-
dence was found that exposure to indoor air pol-
lution is a risk for COPD (OR = 2.80) and chronic
bronchitis (OR = 2.32), with at least a doubling
of risk, despite of marked heterogeneity by both
county and fuel type [49]. At present, a dose—
response relationship and differential toxicity for
different fuel types cannot be defined because of
insufficient information although this analysis
shows with wood smoke being associated with
the greatest effect [49]. In contrast to that bio-
mass fuel exposure is well-known risk factor for
COPD in the developing countries with low
socioeconomic status, association between wood
and charcoal exposure (OR =4.5) and COPD was
reported in European societies, such as Spain
[50]. Higher level of indoor particulate matter
less than 2.5 pm was associated with worse health
status of patients with severe COPD [51].

Outdoor Air Pollution

A few cross-sectional studies consistently
reported that acute increases in air pollution was
related with acute exacerbation of COPD [52].
Increased mortality and higher rates of hospital-
ization or admission to emergency departments
were observed [52]. Association of air pollution
with the development of COPD has not been
established clearly. However, in large samples of
representative of the English population, increase
in particulate matter less than 10 pm (PM,) level,
nitrogen dioxide (NO) and sulfur dioxide (SO,)
of 10 pg/m?® was associated with 3 and 0.7%
reduction in adult FEV, [53]. Similar relationship
was also observed in Switzerland where PM,,,
NO,, and SO, affected both FEV, and FVC [54].

In children, changes in air quality (PM,,) caused
by relocation and urban traffic/pollutant exposure
during adolescent growth years have a measur-
able and potentially important effect on lung
function growth and performance [55-57].
According to cross-sectional study in Germany,
55-year-old women living less than 100 m from a
busy road were at the higher risk of developing
COPD than those living farther away (OR = 1.79,
95% CI 1.06-3.02) [58]. However, to determine
the relationship between chronic exposure to out-
door air pollution and COPD risk, more precise
measurement of pollutants and longer duration of
study are needed.

Socioeconomic Status

The low socioeconomic status is one of the risk
factors for COPD and it is also associated with
less COPD-related health care utilization [24, 25,
59]. However, its impact on symptoms, lung
function, and other indices of COPD such as
morbidity and mortality seems to be second only
to smoking. Moreover, it is not clear yet whether
indoor/outdoor air pollutants, poor nutrition,
infections related with low socioeconomic status
are the risk factors or low socioeconomic status
itself is the significant factor for COPD [60)].

Asthma/Bronchial Hyperactivity

Despite distinctive clinical and pathophysiologic
characteristics at initial diagnosis, epidemiologic
studies of asthma and COPD have demonstrated
that similar feature may develop in two diseases
[61]. Asthmatic patient is known to be suscepti-
ble to rapid lung function decline. In a longitudi-
nal Copenhagen City Heart Study of general
population, adults with self-reported asthma had
substantially greater declines in FEV, over time
than those without (38 mL/year vs. 22 mL/year)
[62]. Airway hyperresponsiveness and irrevers-
ible airway obstruction are cardinal features of
asthma. In European Community Respiratory
Health Survey of young adults (2044 years), air-
way hyperresponsiveness was the second
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strongest attributable factor (15% of population)
with fourfold greater risk of developing COPD
[63]. Irreversible airway obstruction (FEV, < 80%
predicted and reversibility <9% predicted) was
developed in 16% of subjects with asthma and
23% had a reduced postbronchodilator transfer
coefficient (carbon monoxide transfer factor/
alveolar volume < 80% predicted) during
21-33 years of follow-up [64]. Among non-
smoker males with asthma during 10-year fol-
low-up study, 23% fulfilled the criteria for
irreversible airway obstruction and had a steeper
decline in FEV, than those without irreversible
airway obstruction (53 mL/year vs. 36 mL/year)
[65]. Asthmatic patients with incomplete revers-
ibility of airflow obstruction (FEV, < 75% pre-
dicted despite optimal corticosteroid treatment)
show more severe asthma and asthma of longer
duration than asthmatic subjects with complete
reversibility of airflow obstruction (FEV, > 80%
of predicted) suggesting that incomplete revers-
ibility of airflow obstruction may result from
long-standing airway inflammation and associ-
ated structural changes [66]. In Tucson long-term
cohort study of airway obstructive disease, active
asthmatics were ten times higher risk for acquir-
ing symptoms of chronic bronchitis, 17 times
higher risk for being diagnosed with emphysema,
and 12.5 times higher risk for fulfilling COPD
criteria during 20-year follow-up study [61]. The
degree of airflow limitation and hyperinflation is
related to the duration of asthma [66, 67].
However, despite similar fixed airflow obstruc-
tion, those with a history of asthma and those with a
history of COPD show different functional and
pathologic airway inflammation suggesting that
asthmatic airway inflammation does not change and
does not become similar to the airway inflammation
characteristics of COPD after development of fixed
airflow obstruction. Therefore, asthma and COPD
should be identified and treated separately [68].

Infections

The contribution of infection on development and
progression of airflow limitation is becoming more
important. Respiratory infection in infancy or

childhood reduced adult lung function and was a
risk factor for COPD [21, 63]. The incidence of
COPD was 20.3 per 1000 person-years among
HIV-infected patients compared with 17.5 per
1000 person-years among HIV-uninfected patients
[69]. The pathogenesis of COPD and other chronic
lung diseases in HIV remains unclear. Multiple
interacting factors including increased systemic
and lung oxidative stress, recurrent respiratory
tract infections and colonization in the setting of
aging are likely to be involved [69—-73]. According
to meta-analysis, despite marked heterogeneity,
past history of tuberculosis was associated with
chronic airflow obstruction independent of ciga-
rette smoking (OR 1.37-3.13) [74-77]. Delay in
antituberculosis treatments was associated with
higher risk for COPD [78]. Moreover, patients
with COPD treated with inhaled corticosteroid are
at risk of tuberculosis and NTM pulmonary dis-
ease [79, 80].
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Pathology of Chronic Obstructive
Pulmonary Diseases

Rubin M. Tuder

Introduction

In this modern age of in-depth molecular and
genetic focus on diseases, it is pressing that we
revisit the fundamental pathology underlying
chronic pulmonary obstructive diseases—forget-
ting the past limits our ability to make the best
from the present. This review seeks to integrate,
when possible, what is known about the pathol-
ogy of chronic obstructive pulmonary diseases
(COPD) with key pathogenetic data. However, to
move the field forward, investigators dedicated to
COPD are required to understand the normal and
diseased lung structure (qualitatively and quanti-
tatively), including on how best determine these
key parameters; there was a time, approximately
more than a half a decade ago, in which these
were the most exciting and hopeful developments
to understand COPD. They form the foundation
to better appreciate the challenge to understand
COPD and, most importantly, give proper credit
to key studies that, in the past 50 years, shaped
our current understanding of this highly chal-
lenging disease.

COPD, refers to a complex disease, with vary-
ing clinical phenotypes, largely resulting from the
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impact of socioeconomic development and their
ensuing environmental impact that have occurred
over the past 500 years. Smoking is a critical deter-
minant of COPD development in more than 90% of
patients; environmental pollution and, infrequently,
genetic causes account for a growing number of
patients. Within this background of epidemiologi-
cal and clinical complexity, COPD reflects intricate
structural alterations within the lung, often the
focus of pathologists over decades. These patho-
logical descriptions have contributed to forming
the foundation of our attempts to understand the
disease. We seek to provide a timely and necessary
review of the pathology of COPD, as many of
today’s scholars have limited understanding of the
scope of the pathological data accumulated in the
past decades. Investigations in the broad angles of
COPD require an understanding of the structural
lung alterations in COPD, the structure of the nor-
mal and aged lungs, and on how quantitative mea-
sures aid in describing both the normal and COPD
lung. However, the “bar” for the description of the
pathology of COPD is high: William Thurlbeck
provides a superlative assessment of role of patho-
logical changes underlying chronic airway obstruc-
tion, with a particular emphasis on how they relate
function [1]. We will refer to this publication often,
as it provides valuable insights into the pathology
of COPD, with reference to studies covering inves-
tigations initiated in the 1950s and extending by the
time of its publication in 1985. The readers are
strongly encouraged to read this summary to better
appreciate the advances made in the field by the
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mid-1980s and the challenges that still remain up
to this date.

It is highly instructive to go over the extensive
literature of COPD, particularly of the pathology
of the disease. While in the late 1950s and early
1960s, there was a more qualitative attempt to
describe the pathological alterations of the lung
aimed at understanding the clinical manifesta-
tions of the disease [2]. This early effort translated
into the need to better quantification of structural
parameters, as means to relate more closely the
alterations in lung structure with the clinical man-
ifestations, ultimately providing a clear rationale
for treatment and insights into natural history.
Stereology was then incorporated into the analy-
sis of the normal lung, led by Weibel, and
expanded to the COPD field by Dunnill and
Thurlbeck. The accumulated knowledge of quan-
titative pathology of COPD eventually came to a
standstill, as it became apparent that the age of
tissue quantification of COPD would not lead to
breakthroughs in the understanding of the disease,
as it lagged behind the development of pathobio-
logical insights—the field was largely tied up by
the protease/antiprotease hypothesis; this is
starkly delineated in the historical publication by
Snider and colleagues about the definition of
emphysema in the middle eighties [3]. In the late
1990s and clearly into the new century, the field of
pathogenesis of COPD witnessed a “revolution,”
breaking the conceptual constrains provided by
the protease/antiprotease imbalance. This is
apparent in several chapters of this book. But once
again, quantitative pathological examination of
the diseased human lung, with the benefit of
improved lung imaging (like computer tomogra-
phy) and a growing body of knowledge regarding
inflammation, cell signaling, cell death, among
others, has provided a major step forward in our
understanding of COPD. As outlined below, we
also owe James Hogg for his vision, leadership,
creativity, and ability to interface through all these
domains, the largest contribution in the evolving
insights into the pathology of the disease, which
span almost 5 decades.

It is our goal in this review to revisit what is
known about the normal lung that informs the
reader about COPD; we underscore which

stereological methods provide the most accurate
data not only on the human lung, but that also is
required for proper experimental modeling. We
then review studies in the pathology of COPD.

Lung Volumes in Lung Stereology

Determination of lung volumes is a key parame-
ter in lung stereology and to properly interpret
quantitative lung pathology. It allows to express
quantities in relation to the whole lung rather
than fractions (like percentages), correct the val-
ues for the “real volume,” and minimize impor-
tant biases (errors) that most histological
estimates impose. Lung volumes can be esti-
mated from pulmonary function tests when avail-
able. However, in most studies involving human
disease and animal modeling, the lungs are
removed and the lung volumes estimated by
water displacement or the Cavaliere’s method.
An extension of water displacement method is
the determination of volume (mL) based on
weight in air — weight in water (g) (which is bet-
ter suited for the lung, which may float and not
displace water correctly). Another alternative is
the determination of the weight of the lung in
water, which when divided by the specific den-
sity of tissue of 0.96 (g/mL) should provide the
lung volume; the Cavaliere’s method involves
slicing through the lung at specific thickness, cal-
culating the sum of the area of opposing sides of
the sectioned slices and multiplying this sum by
the thickness.

One of the most instructive studies referenc-
ing lung volumes obtained by water displace-
ment is that of Thurlbeck [4]. He studied 25
individuals with ages ranging from 25 to 79 years.
The lung volumes ranged between 3.3 and 7.5 L
(mean of 4.9 L = 1.4 SD). They correlated very
closely with body length (Pearson’s r: .772), but
not with age. However, Thurlbeck also used the
predicted total lung capacity (TLC), estimated on
age, gender, and body length. As the lung volume
depends on body length, total lung volume (TLV)
and TLC correlated very closely. In his study,
TLC ranged between 3.3 and 7.5 L, with a mean
of 5 L. Thurlbeck underscores that it is difficult to
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achieve accurate and reproducible inflation in
different lungs; however, inflation with formalin
offers several advantages, with a close correla-
tion with lung volume and measurements
obtained with different methods. We discuss
below key quantitative parameters to describe
normal and diseased alveolar structure, including
the mean linear intercept (Lm) and internal sur-
face area (ISa), which are defined largely reliant
on the measured lung volumes.

Overall, lung volumes obtained after inflation
with 10% formalin at 25-30 cmH,O pressure
approximate closely those obtained by X-ray at
total lung capacity [5], with a correlation coeffi-
cient of .82. On average, lung volumes are 8%
higher than those obtained by X-ray.

Normal Lung
Overall Structure

The lung can be broadly divided in large, carti-
laginous airways, dividing from mainstem bron-
chus for six generations and usually larger than
2 mm in diameter (Fig. 3.1a, b); terminal bron-
chioles (Fig. 3.1c—e), which do not have carti-

lage, are lined by pseudostratified epithelium
overlying a submucosa with connective tissue
and outside rim of smooth muscle cells. They
give rise to intermediate structures with alveoli in
their wall called respiratory bronchioles; each
respiratory bronchiole branches 1-3 times prior
to giving rise to alveolar ducts (Fig. 3.1d—e)
(alveolated conduits, flanked proximally and dis-
tally by other alveolar ducts), and ending in a
single alveolar sac (which has a blunt end, and is
lined by alveoli). The primary lobule is consid-
ered to represent the alveolar duct and alveoli it
supplies in the alveolar sac; the acinus corre-
sponds to the respiratory bronchiole, alveolar
ducts, and alveoli (Fig. 3.1c—e). The secondary
lobule, which is largely relevant to radiological
imaging, consists of 15-150 primary lobules,
measures 1-3 cm, and is supplied by a terminal
bronchiole, which branches 5-6 times with its
accompanying pulmonary artery. It is often delin-
eated peripherally by connective tissue project-
ing from the pleura. The respiratory zone
contributes to 90% of the lung volume, with con-
ductive airways and large blood vessels (often
hilar) making up the remaining 10% [6]. Table 3.1
summarizes key structural characteristics of the
normal lung, detailed below.

Fig. 3.1 Normal adult human lung. (a) Bronchus (B)
with submucosal glands (arrow), seen between the lumi-
nal lining and inner surface of cartilage (arrowheads).
(b) Intraparenchymal bronchus (B) flanked by a similar
size pulmonary artery (PA). (¢) Periphery of the lung,
with a terminal bronchiole (7B), which does not have

cartilage and contains epithelial lining and a layer of
muscle. Note the partly collapsed normal alveoli. (d, e)
Transition between 7B, respiratory bronchiole (RB), and
alveolar duct (AD in e). RB is lined by an interrupted
airway epithelial cell layer with alveolated tissue within
its walls
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Table 3.1 Key structural characteristic of normal lung

Lung volumes

3.3-7.5 L (mean of 4.9 L + 1.4 SD) (inflation with
10% formalin, Ref. [4])

Number of alveoli

250-450 x 10° Ref. [6]

480 x 10° Ref. [7]

Mean linear intercept

Mean 289 pm (Ref. [4])

226-350 pm (mean 271 + 33 p; Ref [6])

Internal alveolar surface area

Approximately 80 m? (range 40-100 m?, Ref. [9])
Mean 65 + 16.5 SD m? (range 40-100 m?, Ref. [13])
Number of bronchiole profiles (per cm? lung tissue)
0.89 (Ref. [6])

0.84 (Ref. [15])

Alveolar Tissue

It is important to revisit some of the key findings of
Weibel and Gomez in their classic reporting of lung
structure using stereology [6]. They summarized
the relative volume contribution of alveoli to
approximately 60% of total lung volume, air ducts
to approximately 26%, and tissue to about 4%.
They studied five lungs, ranging in age from 8 to
74 years of age, with lung volumes between 2.5 and
7 L. The lung contains approximately 300 x 10°
(range 250450 x 10 [6], pending stature) alveoli;
alveolar ducts and sacs would account for approxi-
mately 14 x 109 structures. More recently and using
newly developed stereological approaches to
directly count alveolar structures, Ochs and collab-
orators estimated that an adult (between 18—41 years
of age) has 480 x 10° alveoli [7]. Interestingly, the
overall alveolar diameter was lower for younger
lungs (around 200 pm) and close to 290 pm in the
older lungs (these measurements correspond to lung
inflation to 75% of total lung capacity).

The average length of alveolar capillaries
ranged between 8.2 and 13 pm; there are approxi-
mately 277 billion capillaries with an average
diameter of 8 pm. The capillary exchange area
would be 10% lower than the alveolar area,
accommodating 140 mL of blood. Overall, the
pulmonary arteries follow closely the airway
branching (for approximately 23 branches), but
extending further with a total of about 38 generations

down to the precapillary level of approximately
15-25 pm in diameter. A summary of the struc-
ture and branching pattern of pulmonary arteries
is available in reference [8].

The mean linear intercept (Lm) is determined
by the calculation of number of alveolar intercepts
crossing a linear grid system. As it reflects the
interalveolar septal distance, Lm is the most used
tool to express and quantify airspace enlargement
in emphysema (see below). It correlates with age
and does not correlate with body length. However,
Weibel has pointed out that Lm is affected by infla-
tion pressures and the intercept score includes alve-
olar ducts and small airways [9]. However, the data
presented in the subsequent sections argue strongly
for the validity of Lm to assess human emphysema.
Verbeken et al. studied normal lungs, with a mean
age of 49 years [10]. They found an emphysema
score of 1.2 (minimal airspace enlargement in
selected cases). Other interesting measures from
their study consisted of delineation of Lm of
289 pm with a mean of 5.49 intercepts. The coef-
ficient of variation of intercepts was 60%. This
study provided quantification of the structural com-
ponents that contribute to Lm; the airspace proper
measured on average 265 um, while the septal wall
measured 24 pm. Verbeken et al. counted alveolar
attachments of 6.72/mm of airways; the number of
terminal bronchioles per surface tissue was 0.85,
with 800 pm diameter in average. In this study, Lm
correlated inversely with height (which is in con-
trast to data from Thurlbeck, see below), and posi-
tively with weight, with added regression power
when combined with age [11].

Lm according to Thurlbeck has a dispersion of
about 20% around the mean in a normal lung, i.e., in
excess of this limit, it would be considered abnor-
mal. His study of 25 nonemphysematous lungs
(described in more detail below) showed an Lm
ranging from 226 to 350 pm, with a mean of
271 pM £ 33. The upper limit, based on the
mean + 2 SD, would be 337 pm (or 333 if corrected
for predicted lung capacity) [4]. Verbeken and col-
laborators established this upper limit of normality
to 380 pm. Importantly, Lm correlates with age but
not with body length [4]. Based on data from Weibel
and Gomez, the size of alveoli was estimated to be
in the order of 250-290 pm (i.e., close to the range
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seen with Lm, pending correction for lung volumes
and contraction of tissue after formalin inflation and
contraction of tissue after paraffin embedding) [6].

An important measurement derived from the
studies by Weibel and Gomez was the alveolar
internal surface area (ISa), representing the over-
all gas exchange area of the lung provided by the
interface of alveolar septa and alveolar space.
The ISa can be determined by the number of
intercepts with a grid of lines. Weibel and Gomez
determined alveolar surface area of approxi-
mately 80 m? (range 40-100 m? [9]), or akin the
size of a tennis court [12]; it is therefore related to
Lm, with a relationship defined by the formula
ISa = 4 x volume alveolar parenchyma/Lm.

Thurlbeck reassessed the ISa in 25 nonemphy-
sematous (possibly normal) lungs, which were
inflated with formalin at 25 cmH,O pressure [4].
Like in the work targeted at emphysematous lungs
[13], Thurlbeck introduced some adjustments to
measurements of Lm and ISa. The total lung vol-
umes (TLV) were determined after inflation, by
water displacement, therefore including both aer-
ated and tissue parenchyma of the lung. He also
corrected the TLV by the total lung capacity
(TLC), which represents (only) the aerated vol-
ume of the lung based on predicted values, derived
from data that included age, gender, and height.
The corrective factor was the ratio of TLC/TLYV, at
2/3 power for ISa and 1/3 power for Lm.
Nonemphysematous lungs showed a wide varia-
tion of ISa, ranging from 40 to 100 m? (mean
65 = 16.5 SD m?) largely derived from the scatter
of height. This meant that it is anticipated that a
tall individual may have a large ISa while a short
individual may have an ISa of 40 m? In contrast to
Lm, ISa correlates closely with height, with an R?
of 0.83, adding a potent confounder when to be
used in studies involving emphysema. Lung vol-
umes have a greater impact on ISa as MLI does not
correlate with ISa (Pearson’s r: —0.07).

Small Airways
Airways can be broadly divided based on struc-

ture and diameter. Bronchi have cartilage in their
walls and have diameters larger than 2 mm. Small

airways or terminal bronchioles have less than
2 mm, do not have cartilage in their walls, and are
completely surrounded by an epithelium, basal
lamina, and bundles of muscle (Fig. 3.1c—e).
Given the orientation dependency of airways
and pulmonary arteries, elucidation of these
structures (branching, size, etc.) requires either
casting or imaging in three dimensions after a
radiopaque substance is injected [14]. This
approach allows to divide the lung into three
compartments pending their role in gas transport
and potential for gas exchange: a conducting
zone, a transition zone, responsible for conduc-
tion and gas exchange, and a respiratory zone,
involved in gas exchange. While Weibel assumed
the airways branching symmetrically from the
trachea, Horsfield proposed that they could be
asymmetric as well. Weibel counted 16 genera-
tions, leading to 2!° or 65,536 terminal bronchi-
oles and 131,071 conducting airways [14];
however, Horsfield predicted half of this number
based on asymmetric arrangement of airway
branching (rather than a given more proximal
branch giving rise consistently to two symmetri-
cal branches). The concept of asymmetry is
important as it can explain a lower dead space
than the symmetrical dichotomous branching
pattern, with gases reaching alveolar units located
at much shorter distances from the trachea. The
average distance for the gas to travel from the lar-
ynx to the gas exchange units is approximately
25 cm, largely covered by convective gas move-
ment. The final 2.6 mm from the alveolar ducts to
alveoli is covered by oxygen diffusion (in nitro-
gen, estimated to be 0.25 cm?/s). The final step
involves the passage of oxygen from the alveolar
space to capillaries, largely within water (diffu-
sion constant for oxygen of 0.00193/cm?s, i.e.,
1.3 log slower than in nitrogen). Despite the
slower diffusion rate, oxygen would be required
to traverse a shorter distance in the distal lung
(respiratory bronchioles, alveolar ducts, and
alveolar sacs) before reaching the capillaries.
Matsuba and Thurlbeck investigated the num-
ber and internal diameter of membranous air-
ways, less than 2 mm, in twenty normal lungs
[15]. The number of small airways was approxi-
mately 0.84/cm? of lung tissue and the internal
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diameter was 0.756 mm (please compare below
with the measurements in 12 COPD individuals,
with number of airways of 0.638/cm? and internal
diameter of 0.738). The number of airways/area
of lung tissue decreases with height, consistent
with the conclusion that the total number of air-
ways is constant in different height individuals.
Indeed, Matsuba and Thurlbeck, based on several
studies, stated that terminal airways would not be
affected by overall distension of the lung (i.e.,
increased TLC in COPD or with age).

Lung Cellular Composition

The study of Crapo and collaborators continues
being the seminal reporting of key stereological
data regarding the composition of the alveolated
lung [16]. The study was based on eight autop-
sied lungs; they were fixed in glutaraldehyde and
sampled for electron microscopy. Type I cells
covered 93% of the alveolar surface, with a cell
surface area of 5000 pm [2]. Alveolar type II
cells are 14-fold thicker than type I cells with
183 pum [2] surface area (i.e., approximately 1.5
log less than type I cells), i.e., covering 7% of the
alveolar surface area. Both type I and II accounted
for 24% of all cells in the lung parenchyma and
21% of the total alveolar tissue volume. Capillary
endothelial cells are much smaller than type I
cells; they each cover an equivalent 27% of the
alveolar surface area covered by individual type I
cells; the total number of capillary endothelial
cells is 3.6-fold higher than type I cells, collec-
tively covering almost a similar surface area.
Overall, capillary endothelial cells account for
30% of the cells in the alveolus and just 14% of
alveolar tissue volume. The remaining interstitial
cells (fibroblasts, macrophages, pericytes, inflam-
matory cells, etc.) accounted for 37% of all alve-
olar cells.

Lung Growth

A central aspect of lung structure is the develop-
mental growth of the lung. A newborn lung con-
tains approximately 20 x 10 alveoli, with Dunnill

proposing that alveolar expansion would occur
during the first 8 years, followed by a significant
decrease afterwards. However, pending the
height of the child, additional significant alveolar
number increase occurs into early adulthood. A
recent report [17] using stringent stereological
approaches as recommended by the American
Thoracic  Society (ATS) [18] re-examined
whether alveolar numbers increase into adult-
hood. Their approach was based on randomly
(done systematically using methods to give all
regions the same probability to be chosen for
analyses) selecting approximately eight blocks
representative of the right or left lung of 11 sub-
jects, with ages ranging from 1 month to 15 year
and 11 months. Alveoli were determined and
counted by defining their openings in two paral-
lel sections of predetermined thickness (as
reported by Ochs et al. [7]). Between 2 and
4 months of age, the number of alveoli increased
progressively from approximately 100 x 10° to
around 200 x 10° (n = 8 individuals). The log of
number of alveoli increased with a two-parameter
power function with a fast increase in the first
two years of age; it tapered off by adolescence,
but with continual expansion to the age of about
16 years (an individual with 583 x 10° alveoli).
The log number of alveoli correlated closely with
weight and height.

Aged Lung

The increase in alveoli associated with age has
been interpreted as “single alveolar enlarge-
ment.” This interpretation stems from the per-
ceived lack of inflammation or other marks of
destructive components, including marked frag-
mentation of elastic fibers, or remodeling of
small airway, or disorganization of alveolar air-
way attachments [3].

Weibel and Gomez’s assessments of alveolar
surface area were dependent on age, as the older
individuals had a decrease in the fractional vol-
ume of alveoli from 57% in the younger vs. 52%
in the older lungs, while air ducts increased from
27% in younger vs. 32% in older lungs [6]; the
aged lungs had a decrease in alveolated lung.
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Importantly, this change is paralleled by a
decrease in surface area with loss of alveoli. Of
interest, this was ascribed to the loss of capillar-
ies by some investigators [19], a concept redis-
covered 25 years later to explain the pathogenesis
of emphysema [20].

Verbeken and collaborators studied group of
senile lungs of individuals aging 69 years.
These lungs showed an enlargement of Lm by
60% over controls, with an emphysema score of
9.1 (vs. 1.2 in controls) [11]. The Lm exceeded
the upper normal limit of 380 pm (defined in
control lungs). The coefficient of variation of
Lm increased to 60%; the mean septal compo-
nent of Lm also increased by about 50%; no
difference in alveolar attachments was noted,
tough there was a decrease in the numerical
density of small airway/area of lung. In their
aging group, the expansion of airspaces was
uniform. Moreover, it appears that this enlarge-
ment occurs without a decrease in alveolar
attachments to the bronchiolar wall, which is
often seen with more advanced destructive
(centri- and panlobular) emphysema. Thurlbeck
determined that Lm of 25 normal lungs was
275 pm + 32, confirming that it increases with
age (Pearson’s r: 0.575) [13].

Data concerning alveolar internal surface area
(ISa) in normal individuals is discussed in regard
to emphysema below [21]. Of note is the progres-
sive loss of ISa with age after early adulthood, at
an estimated rate of 2.7 m*year [13]. These data
are largely confirmatory of Thurlbeck’s study on
nonemphysematous lungs [4], which correlated
inversely with age (Pearson’s r: —0.5).

Of interest is the correlation of physiological
parameters (obtained after death in isolated
lungs) with structural endpoints [22]. In senile
emphysema, there is a marked increase in mini-
mal air (ma, air remaining after the air has been
removed from the lung)/Total Lung Capacity
(TLC), though less than in emphysema.
Moreover, there is a shift for the pressure volume
curves, being intermediate between normals and
emphysematous. The measures of FEV1, FEV1/
FVC, and airflow were not different between nor-
mals and the lungs with senile emphysema.
Moreover, the key physiological parameters of

ma/TLC and those of airflow did not correlate
with morphological parameters.

As with centrilobular emphysema, there is a
reduction of membranous bronchiole density in
senile lung [10].

COPD

There was an extensive focus of investigations in
the pathology of COPD in the period extending
from the 1950s through the early 1990s. It is
apparent that this effort followed in the footsteps
of the studies by Weibel and Gomez revealing
structural investigations of the human lung (out-
lined above [6]) and the need to better understand
a frequent and complex disease. Driving this
endeavor was the hope that assessments of struc-
tural alterations underlying the pathology of dis-
ease would provide key explanations regarding
on how best diagnose and treat COPD. Despite
this intense effort, Thurlbeck recognized the dis-
crepancy between structure and function of
COPD, in particular in regards to airflow limita-
tion [1], or in other words, inability to explain the
chronic airflow limitation with structural data. He
listed several strong reasons behind this realiza-
tion, particularly those related to difficulties
involving the pathological nature of the studies.
In fact, he postulated that every known pathologi-
cal alteration in COPD can explain or contribute
to chronic airway obstruction, most notably
mucus gland enlargement, intraluminal mucus
accumulation, alterations in terminal bronchioles,
and emphysematous destruction of the respira-
tory units, the acini; however, how each of these
specific components limits lung function remains
unknown. We provide a summary of key points
below, emphasizing some key publications.

Chronic Bronchitis

The increase in mucus gland mass has been
linked to COPD for more than 50 years and semi-
quantitatively assessed by the Reid index [23]:
normal individuals would have mucus glands in
less than 50% of the bronchial surface area
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Fig. 3.2 COPD lung. (a) Large bronchus (B) with
chronic bronchitis. Note the expansion of glands (glands)
beyond the outer rim of cartilage (arrowheads). (b) Low
magnification of mild emphysema with notable airspace
enlargement in the subpleural region (arrows). (c)
Centrilobular emphysema with enlargement of alveolar
duct (AD) (arrows). (d) Chronic bronchiolitis in a termi-
nal bronchiole (7B) (arrow). Note the increased thicken-
ing of the airway wall, largely due to chronic inflammatory
cells. There is a focal loss of epithelial lining (arrowhead).

(Fig. 3.2). In her classic description of chronic
bronchitis, Lynne Reid underscored that in early
cases, there is hypertrophy of mucus elements
and airway luminal accumulation [24]; in
advanced cases, she highlighted the finding of
purulent inflammation in large and small air-
ways, with associated dilation of airways and
sometimes obliterative changes.

The adjacent alveolar duct (AD) shows enlargement char-
acteristic of emphysema. (e) Respiratory bronchiolitis
with thickened terminal bronchiole (7B) with clusters of
pigmented intra-alveolar macrophages (arrows). (f)
Subpleural bullae (arrow) with absence of alveolar septa.
(g) Marked subpleural airspace enlargement (arrow). (h)
Characteristic thinning of alveolar septa in severe centri-
lobular emphysema, which appears virtually avascular
(arrows). (i) Pulmonary artery thickening in severe COPD
(arrows)

Thurlbeck suggested that these airways con-
tribute significantly to chronic airflow limitation.
The pathological counterpart of the clinical char-
acteristics of chronic bronchitis represents the
excessive mucus production. He proposed that
airflow limitation would (also) ensue due to
hypertrophy of mucus glands and luminal accu-
mulation of mucus. These would correlate with
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clinical history of chronic bronchitis and sputum
production. However, the Reid index follows a
modal distribution, with a right shift in normal
and left shift in COPD; but, there is significant
overlap. The extremes of both curves are infor-
mative in that Reid index less than 0.36 would be
only seen in normal while higher than .55 only in
COPD specimens [1].

The interaction between mucus gland enlarge-
ment and emphysema is of interest, possibly
reflecting that cigarette smoke triggers both
events. The increase in mucus gland mass
occurred with age in COPD patients and age
matched controls (mean age of 65 years) to a
similar extent; the mean percentage thickness in
the control group was approximately 8% vs.12%
in the aged groups. There is evidence that the fre-
quency of chronic mucus hypersecretion
increases with emphysema severity score
(obtained pathologically). However, it is unclear
whether the extent of mucus gland hypertrophy
relates to the clinical symptoms of chronic bron-
chitis, like mucus production or cough. A prior
study of 353 patients at autopsy showed, based
on point counting morphometry, that mucus
glands amounted to 17.6% in smokers and 14.5%
in nonsmokers [25]; however, no differences
were noted with age. Also interestingly, the
authors state a lack of direct correlation between
mucus gland hypertrophy and emphysema in this
cohort of 219 lungs yet the percent mucus gland
was higher in emphysematous (18.3%) vs. non-
emphysematous lungs (14.8%). These findings
led the investigators to question whether chronic
bronchitis might result from alterations other
than mucus gland hypertrophy [26].

Overall, mucus gland enlargement shows
some degree of correlation with flow rates, but
the correlation is weak at best, if not existent.

Small Airways

Thurlbeck proposed that small airway disease
contributes to mild airflow limitation [27]. He
also raised the contribution of inflammation, pos-
sibly leading to collapse of bronchioles; fibrosis
and muscle hypertrophy could also have a role in

obstructing small airways (Fig. 3.2). Additional
contributors consist of goblet cells, which might
undergo hyperplasia. An overall replacement of
luminal contents, displacing surfactant, would
result in airway instability. However, distortion
of the small airways and obliteration would also
contribute to severe airflow limitation; these
would follow extensive emphysema. The discus-
sion that follows largely confirms Thurlbeck’s
predictions of the main contributors for chronic
airflow limitation, including some more recent
studies involving COPD lungs.

Hogg and collaborators provided key physio-
logical data that supported that the main site of
increased airway resistance in COPD (seven
emphysematous, one with bronchiectasis, and
one with bronchiolitis) was the small airways, in
the range of 2 mm in diameter. The increase in
peripheral resistance was about fourfold when
compared with control lungs [28]. The authors
concluded that the increase in resistance in COPD
lungs could be derived from mucus-obstructed
small airways, narrowing, or occlusion by fibro-
sis, as emphasized by Thurlbeck.

Inflammation of airways has been recognized
since the early description of the pathology of
COPD by Leopold and Gough in 1957 [29].
Inflammation in small airways correlates with
mild alterations in pulmonary function [1], being
perhaps more important in anteceding airway
fibrosis and squamous metaplasia. With worsen-
ing COPD, the number of airways with inflam-
matory cells including polymorphonuclear cells,
macrophages, eosinophils, CD4, CDS8, and B
cells increases [30]. Many airways contain lym-
phoid follicles, most notably in GOLD stage 3
and 4 (most severe disease), contributing to over-
all airway thickness by 3—4-fold when compared
with lungs with GOLDO0/1 [30].

Studies by Matsuba and Thurlbeck addressed
the question whether there was a change in
numbers and internal diameter of small airways,
defined as those less than 2 mm in diameter. This
study involved 12 individuals with mild COPD
based on the Ryder score of 17.8 + 1.2. As com-
pared with a control cohort [15], they found a
significant decrease in numbers per unit area and
when corrected for anticipated lung volume at
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age of 20 years. When both cohorts were adjusted
to body length, there were no significant differ-
ences. Moreover, there were no differences in
internal diameter. Also, they did not find any cor-
relation between measurements of small airways
with those of emphysema or flow rates. Of inter-
est, the authors noted a small shift of terminal
bronchioles measuring 200—400 pm in diameter
while there was a deficit of small airways between
400 and 600 pm in diameter. However, when
they analyzed the ratio of small airway to total
lung volumes (small airway luminal volume den-
sity), they found a significant reduction in
emphysema vs. normal. This decrement was
accounted by a decrease in the number of small
airways and reduction of their size. However,
Matsuba and Thurlbeck considered these small
airway changes not to have a significant role in
increased airway resistance and air flow
limitation.

The reduction of the density of membranous
bronchioles was noted by Verbeken and refer-
enced as noted previously. They also noted that
with increased MLI in emphysema, there is a
negative relation with airway diameter (as there
is an increase in density of airway less than
600 pm particularly in the lower lobes). Verbeken
and collaborators also verified a decrease in
numerical densities (per unit area of lung tissue)
of terminal bronchioles (0.85-0.51/cm?) [10].
The airspace is more heterogeneous than due to
aging, with increased alveolar septal thickening,
usually with mild fibrosis. Small airway density
decreased in emphysema lungs; there was a neg-
ative interaction between MLI and alveolar
attachments, i.e., the higher the MLI, with more
severe emphysema, the lower the number of
alveolar attachments. This supports a causal rela-
tion between small airway remodeling and degree
of emphysema.

This reduction in selective diameter size
ranges in COPD lungs (vs. normal lungs) might
reflect progressive airway narrowing; however,
there are important pitfalls in most of the mea-
surements performed thus far, as they relied
largely in planimetric assessments, or via stereol-
ogy (which cannot resolve measures of changes
in diameter and numbers of fractal structures,

like airways). No studies have used casting or
three-dimension reconstruction to define how a
specific segment behaves in COPD lungs (or
branching, as outlined by Horsfield studies) of
the normal lung. However, narrowing of terminal
bronchioles, assessed by multiple approaches
including volume proportion, bronchiolar diam-
eter, or frequency of airways less than 350 pm in
diameter, correlates with airflow limitation. This
correlation is however not as strong as between
degree of emphysema and chronic airway
obstruction [1].

The topic of small airway pathology in COPD
was more recently revisited by Hogg and collab-
orators. Using lung resection specimens aimed at
removal of tumors or from patients enrolled in
the National Emphysema Therapy Trial (NETT),
Hogg et al. found that with worsening of COPD
(assessed by the GOLD score, reflecting worse
FEV1 [31]) correlated inversely with small air-
way (less than 2 mm in diameter) occlusion by
mucus and debris (R = 0.5) [30]. In line with ear-
lier studies on the behavior of small airway in
COPD and their association with airflow limita-
tion, Hogg et al. showed that total airwall thick-
ness was strongly associated with worsening of
COPD [30].

In a recent study, Hogg and collaborators used
a sophisticated CT-based approach to study 2 mm
and smaller airways, while relying on histology
to further validate their data [32]. They found a
progressive decrease in the number of airways of
2-2.5 mm with worsening of GOLD stage.
Moreover, there was a dramatic reduction of ter-
minal bronchiole cross-sectional area and a
decrease in 89% of terminal bronchiole number.
This reduction also happened in regions with Lm
of less than 489 pm, the upper limit of the normal
Lm values obtained in this study. The residual
airways had increased wall thickness. The authors
suggest that emphysema might in reality start
with the disappearance of terminal bronchioles
[32], which might ultimately account for the
increase in 4—40-fold the peripheral airway resis-
tance observed previously by the authors [28].

Mucus in terminal bronchioles is increased
approximately 15-fold in lungs of patients with
chronic bronchitis with severe emphysema, while
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it is increased only fourfold in lungs of bronchitis
with no emphysema [1]. In combination with
exudates, mucus plugging can contribute to
chronic airflow limitation, which was confirmed
more recently by Hogg and collaborators [30].

Another potential contributor for chronic flow
limitation could be bronchiole tortuosity, poten-
tially leading to stenotic lesions. The basis of this
finding could be related to inflammation or
decrease in alveolar attachments (aa) to airways.
Based on the study of 41 lungs, Nagai et al. cor-
related aa (both as absolute numbers and in refer-
ence to airway diameter) to emphysema
parameters (score and Lm) and measures of air-
flow [33]. In summary, they delineated that aa/
airway diameter were directly related to the
degree of emphysema, which would be the most
proximal cause of airflow limitation. They also
determined that the aa correlated with airway
deformity. No associations were detected with
airway inflammation. This has been confirmed in
more recent studies, with the finding that aa
decreased from 6.72 to 5.76 [10]. The diameter of
membranous bronchioles correlates with FEV1/
FVC in the emphysema group.

Emphysema

The present definition of emphysema was intro-
duced in 1985 in a report of a National Heart,
Lung, and Blood Institute workshop [3]. The
authors’ brief introduction referenced the early
definitions by the World Health Organization and
American Thoracic Society, which stated that
emphysema involved enlargement of the acinus
(anatomic unit formed a respiratory bronchiole,
3-4 alveolar ducts, and the alveolar sac)
(Fig. 3.2). The committee recognized the impor-
tance of the concept of “destruction” in the defi-
nition, which was however not defined in their
prior statement (note the thinning of alveolar
septa in emphysema, Fig. 3.2h). Moreover, the
document expresses concern with the frequent
finding of increase in airspaces in processes asso-
ciated with prominent fibrosis, like granulomas
(rather than in emphysema, where there is mini-
mal fibrosis). Importantly, the report states that

there are forms of alveolar enlargement that are
not “destructive” like in age-related enlargement
or overdistension after unilateral pneumectomy
(referenced as “simple airspace enlargement”).
There was an attempt to better define the term
“destruction” as a reduction in amount of a spe-
cific tissue; others interpreted destruction as dis-
organization of the alveolar attachments to the
terminal and respiratory bronchiole [34]
(Fig. 3.2d, e). As discussed below, more refined
attempts to characterize “tissue destruction”
involved the introduction of destructive index
[35] or alveolar septal holes [36]. These some-
what rudimentary and overly simplistic defini-
tions probably reflect the knowledge of the times,
prior to clarification on how cell and tissues can
“disappear”; in the present days, these processes
have been linked to necrosis, apoptosis, and
autophagy, all of which have been shown to be
involved in emphysema.

The etiology of emphysema has remained
largely undetermined, though recognized in the
1960s that it involved a unique form of tissue
destruction, labeled as “necrosis” [37]. It was
also recognized that, in distinction to other forms
of lung necrosis or injury, in emphysema there
was mild inflammation and, importantly, a scar-
ring process. The purported etiological agent
could arrive to the centrilobular regions via the
airflow (like documented at the time with nitro-
gen dioxide) or via the blood vessels. The latter
was considered despite a lack of morphological
evidence at the time of precapillary or capillary
occlusion [37] (Fig. 3.2h). In advanced COPD,
large areas of alveolar destruction lead to
increased subpleural airspaces, which can form
subpleural bullae (Figs. 3.2f, g).

In the time spanning the 1960s, 1970s, and
into the 1980s, there was an apparent impetus to
introduce quantitative measures of alterations in
lungs of COPD patients so to relate structural
changes to clinical presentation and, hopefully, to
pathophysiology of the disease.

Quantification of Emphysema

We recommend several excellent introductory
texts regarding stereology [6, 9, 18, 38—40], which
are necessary for all investigators interested in
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the lung, including COPD. A critical requirement
is the randomization for unbiased selection of
regions for analysis. This means that all fields
have to be given an equal chance of being repre-
sented, which is accomplished by specifically
designed sampling approaches. The systematic
uniform random sampling (SURS) may provide
the best and most stringent sampling design [38].
The main approaches to quantify emphysema in
lung slices involved two main methods. The first
consisted of stereological determination of the
relative contribution of enlargement of air ducts
and sacs to the overall lung volume [39] and, the
second, involved grading of severity of emphy-
sema on paper mounts of lung slices based on
comparisons with a range of severities of emphy-
sema [41]. Two methods are available based on
the latter approach: The Thurlbeck system
involves radiating segments from a center point
positioned in the major fissure, usually in the third
sagittal slice of lung; each segment is scored
between 0 and 3 pending the severity of emphy-
sema, with an overall score ranging between 0 and
30. The method by Ryder involves matching a
paper mount slice to standards ranging from O to
100. The advantages of the point counting
approach consist of its accuracy, simplicity of use,
and independence of shape or complexity of the
counting objects. It is important to keep in mind
that there is need to increase sampling if there is
significant variability of the parameter in ques-
tion; this applies in particular to centrilobular
emphysema. These three approaches have been
compared for reproducibility [41]; Thurlbeck’s
and Ryder’s scoring are fast and provide a low
intraobserver variation but with a wide interob-
server variation [42]. The point counting is the
one that takes the longest (3—4 min per read), but
with difficulties of calling a point hit with mild
lesions.

Microscopic Assessments

of Emphysema

A summary of key changes in emphysema is
included in Table 3.2. The use of the point count
method, as performed by Dunnill, provided inter-
esting data [43]. In five lungs with severe centri-
lobular emphysema (three with cor pulmonale),

Table 3.2 Key structural characteristic of emphysema-
tous lung

Lung volumes

Mean for centrilobular emphysema: 6.3 L (range
4.8-7 L); mean for panlobular emphysema: 7.6 L
(range 6-10 L), (Ref. [43])

Number of alveoli

Mean in centrilobular emphysema 218 x 10° (CL:
126-310); mean in panlobular emphysema
96 x 10° + 23 (Ref. [43])

Parenchyma density

Centrilobular emphysema: 50% alveolar density;
18.5% alveolar duct density; 19.5% centrilobular
space density, 12% tissue and blood vessel density, in
(Ref. [43])

Mean linear intercept
Mean 598 pm (range: 472-791 pm; Ref. [44])

Mean 279 pm, 304 pm, 369 pm, and 517 pm in
normal, mild, moderate, and severe emphysema lungs,
respectively (Ref. [13])

Internal surface area

Mean 52 m? + 16.2 SD (range: 28-105); ISA corrected
5L:50.8 m*+ 13.2 (range: 25-96) (Ref. [13])

Small airways

Number of bronchiole profiles (per cm? lung tissue):
0.638 (Ref. [15]), 0.51 (Ref. [10]), 90% reduction over
controls (Ref. [32])

Internal diameter: 0.738 pm (Ref. [15])

Increase in terminal bronchioles measuring 200—

400 pm in diameter

Deficit of small airways between 400 and 600 pm in
diameter

lungs volumes averaged 6.3 L; alveolar and duct
air amount to a mean of about 68% with centri-
lobular spaces occupying 20% of lung paren-
chyma. All these lungs had mucus gland
enlargement with mucus mass of approximately
0.42. In 18 lungs with panlobular emphysema, the
lung volumes averaged 7.6 L (range 6.2—10.5 L);
the emphysema volume density was 47% (range
30-60%), largely at the expense of a reduction of
alveoli and ducts [43]. Emphysema was found in
219 of 353 autopsied lungs subjected to point
counting morphometry [25]. Emphysema was
present in 21/73 nonsmokers, with a percentage
volume of parenchyma involved by emphysema
being 1.7% vs. 10.8% in smokers.

One of the most popular methods of measur-
ing airspaces is the mean linear intercept or Lm.
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Lm may provide the best measurement related to
panlobular emphysema as its Lm was 598 pm
(range: 472-791 pm) in 11 lungs with severe
respiratory failure [44]. However, as Thurlbeck
recognized in a 1991 report, MLI is insensitive in
measuring emphysema, being generally normal
in mild and even moderate emphysema [33]. On
the other hand, in panlobular emphysema (10
lungs [43]), the Lm was 592 pm + 23.7 (i.e.,
increased about twofold over control value).

Internal surface area (ISa): Given the potential
importance of alveolar surface area for gas
exchange, it is reasonable to propose that this is a
key measurement of emphysema. In an early
study of five lungs with severe centrilobular
emphysema [43], the surface area averaged
62.2 m?, close to the normal range, which was
surprising given the severity of the disease. These
five lungs had a somewhat increased lung vol-
ume (mean of 6.3 L + 0.85, vs. normal of 6 L).
This compensation of ISa is therefore probably
due to the increased lung volumes (suggesting
that the ratio of surface/volume may be more
accurate in measuring milder forms of emphy-
sema). In ten lungs with panlobular emphysema,
the ISa was 48.7 m? + 9.6, therefore reduced by
about 50% vs. control.

ISa was determined in a study of 29 pairs of
normal lungs. The lungs were inflated at
25 ¢cmH,0 and the lung volume determined by
volume displacement, after correction for infla-
tion, or corrected by antemortem total lung
capacity assessed by pulmonary testing, or a
fixed processed lung volume of 5 L. In normal
lungs, the ISa ranged between 40 and 100 m?>.
When the total lung capacity and volume of tis-
sue was set at 5 L (ISa corrected or ISa 5 L), then
the effect of body length was decreased [13]. In
44 pairs of emphysematous lungs, the ISa and
corrected ISa were significantly decreased, down
to 28 m?. Point counting correlated very closely
with semiquantitative assessments of emphy-
sema based on paper lung mounts, either scored
by the Thurlbeck method (scores ranging 0-30)
or average of the grading between O and 3 by
eight pathologists. The correlation of Lm was
also very good, around Pearson’s coefficient of
0.8.1ISa (or if corrected by TLC) did not correlate

well with a coefficient around 0.5. Only the 1Sa
for 5 L showed improved correlations, around
0.83 [44]. It is remarkable that of nine lungs with
mild emphysema based on semiquantitative scor-
ing, eight had normal ISa 5 L. Thurlbeck sum-
marized that ISa is significantly reduced in the
severe emphysema group, to levels below 80% of
predicted. In fact, the data provided in the tables
regarding this study demonstrate that Lm varies
more in tune with the emphysema score, register-
ing 279 pm, 304 pm, 369 pm, and 517 pm in nor-
mal, mild, moderate, and severe emphysema
lungs, respectively [13]. Thurlbeck agreed with
Dinnill’s postulate that ISa may not accurately
reflect centrilobular emphysema as the lung vol-
umes increase pari passu with increases in Lm,
possibly due to loss of elastic recoil. Interestingly,
based on the balance of data, Thurlbeck recom-
mended the use of Lm, because of ease of use,
reproducibility, and independence of height and
age [13], though recognizing the merits (and
accuracy—despite the lack of a gold standard for
emphysema) of so-called semiquantitative
(called by him as subjective) assessments [13].

Number of alveoli is an infrequently used
parameter in emphysema. Dunnill counted a
mean number of 218 x 10° (CI: 126-310) [43].
Interestingly, only one lung would have a higher
number than the normal established by Weibel
and Gomez [6], yet still lower than the alveolar
number of 480 x 10° of Ochs et al. In ten cases of
panlobular emphysema, Dunnill reported
96 x 10° + 23 alveoli (i.e., reduced by a 60% over
control numbers); the mean alveolar volume
increased by twofold vs. normal values [43].

Some other parameters of interest might
involve the number of centrilobular spaces and
their diameters. Dunnill found that these numbers
ranged between 10,600 and 35,000 (mean of
18,600), with 3 logs increased volume when
compared with alveoli in the same lungs. Their
average diameter was 3.7 mm (i.e., tenfold larger
than a normal alveolus).

Destructive index (DI): The DI originated
from the need to better define the concept of alve-
olar destruction in emphysema [35]. DI was
defined as interruptions of the alveolar septa; two
or more disruptions qualified as a destroyed
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alveolus. The original study reported that the DI
was higher in smokers’ lungs and correlated with
pulmonary function testing; DI correlated with
Lm only in smokers with an “r”” of 0.61 [35]. This
assessment appears to be reproducible and of
similar extent in upper and lower lobes. In a sec-
ond study led by Thurlbeck and collaborators,
they also found that overall, DI increases with
Lm (correlation coefficient of 0.64). When the DI
is in areas with frank emphysema, the score cor-
relates well with emphysema scoring. DI
increases but not significantly in mild emphy-
sema; however, DI increases significantly in
moderate and severe emphysema [34]. DI corre-
lated with lung volumes at 30 cm water transpul-
monary pressure. The concordance between DI
and Lm in nonemphysematous and mild emphy-
sematous lungs suggests that these two parame-
ters change concordantly.

A potentially related finding to DI in emphy-
sema is the presence of “holes” detected by scan-
ning electron microscopy [36]. In normal lung,
the holes are largely represented by pores of
Kohn, measuring less than 10 pm in diameter. In
emphysema, these spaces increase in size and
occurrence, reflecting the formation of fenestrae.
Interestingly, normal regions in between areas of
emphysema have an increase in the diameter and
frequency of holes. These holes may be the early
event of destruction in emphysema.

Other Forms of Emphysema

In simple pneumoconiosis of coal workers, there
is heavy accumulation of coal dust around the
bronchioles, forming the spidery macula. Its rela-
tionship to centrilobular emphysema is unclear as
miners may also have COPD. One interpretation
is that simple pneumoconiosis may be due to
enlargement while centrilobular emphysema
involves tissue destruction [1]. This is supported
by the observation that pneumoconiosis usually
involves the respiratory bronchiole while centri-
lobular emphysema extends distally to involve
third-order terminal bronchioles.

Panlobular emphysema, characteristic of
al-antitrypsin deficiency, involves uniformly the
lobule; some of the quantifiable pathological
characteristics, as compared with centrilobular

variant, have been referenced above. More
recently, panlobular emphysema has been
described in intravenous Ritalin drug abusers,
possibly related to alteration of pulmonary arter-
ies occluded by tablet compounds [45].
Panlobular ~ emphysema  predominantly
involves the lower zones, with an overall sym-
metrical expansion of both lungs. When com-
pared with centrilobular emphysema, panlobular
emphysema has less bronchiolar abnormalities,
including less muscle and fibrosis [46]; when
extreme examples of centrilobular vs. panlobular
are compared, the centrilobular has a lower com-
pliance; the increased compliance is more appar-
ent when the Lm is in excess of 360 pm in
panlobular emphysema. Given the extent and
uniformity of loss of alveolar tissue, it is conceiv-
able that panlobular emphysema has a more sus-
tained and reproducible loss of elastic recoil

(than centrilobular emphysema), therefore
account for airflow limitation in this group of
patients.

Other forms include distal acinar emphysema.
It is also called paraseptal, possibly leading to
spontaneous pneumothoraces in younger indi-
viduals. Irregular emphysema is a common path-
ological finding associated with the lung
parenchyma adjacent to fibrotic processes.

Involvement of Cellular Compartments

in Emphysema

More detailed studies of the relative contribution
of type I, type II, endothelial cell, and interstitial
collagen and elastin in emphysema became avail-
able on two decades later than these earlier studies
[47]. Vlahovic et al. studied lobes obtained from
cancer resection, including mild and moderate
emphysema. Five random blocks were processed
for morphometric assessment of these compart-
ments, with an overall 35 blocks being analyzed.
Lm in the normal lungs was between 200 and
260 pm (13 blocks); in mild emphysema, it
increased to 260-390 pm, and in moderate emphy-
sema, the Lm was in excess of 390 um. The key
findings involved a decrease in alveolar and capil-
lary surface area (normalized by basement mem-
brane surface area). The dropout of alveolar
epithelial (about 50% in moderate emphysema
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vs. control lungs) and endothelial cells (reduced
by 66% in moderate vs. normal lung) appeared to
be equivalent with an increase in Lm, consistent
with a synchronous loss of alveolar septal struc-
tures; the remaining septa in emphysematous
lungs remained constant when compared with nor-
mal lungs. Interestingly, the volume of type I and
endothelial cells did not differ in all three groups
(after normalization with basement membrane
surface area). The most dramatic change between
control vs. emphysema lungs was the thickening
of interstitium (from 0.8 volume density for nor-
mals vs. 3.1 in moderate emphysema); the thick-
ening involved both elastin and collagen associated
with increase in volume density of fibroblasts and
macrophages. These findings suggest that the loss
of alveolar septa in emphysema involves the
simultaneous disappearance of epithelial and
endothelial cells [20] and that residual septa
undergo some form of scarring (a finding not reg-
istered by early pathological studies).

Physiological-Pathological
Correlations

Investigations in the past 5 decades have shown a
low correlation between pulmonary physiology
and degree of emphysema assessed by Lm or
emphysema score. This is particularly apparent
on the basis of a study of 48 well-characterized
patients from the NIH Intermittent Positive
Pressure Clinical Trial [48]. Perhaps illustrating
the limitations imposed by studying lung lobes
resected during cancer resection in smokers, an
extensive study of 407 lungs failed to correlate
FEV1 with number of alveolar septa anchored on
peripheral airways, small airway remodeling, and
airway inflammation [49]. Not surprisingly, lungs
from patients with less than 50% predicted FEV 1
had a significant increase in Lm (which ranged
from 125 to 175 pm (in severe COPD). However,
macroscopic assessment of emphysema, based
on emphysema score, failed to correlate with the
extent of decrease in FEV1. These data imply
that more subtle anatomical and pathophysiologi-
cal alterations in small airways can explain their
contribution to increased airway resistance [28].

Notwithstanding the limitations described
above, there is evidence that most patients with
chronic airflow limitation have severe emphy-
sema. However, several patients with moderate/
severe emphysema do not show severely impaired
airflow, and there is no clear parallel between
degrees of emphysema and severity of airflow
limitation.

Occurrence of cor pulmonale or hypertrophy
of the right ventricle also correlates with emphy-
sema severity; Thurlbeck describes that less than
1% of patients without emphysema have cor pul-
monale, while the complication occurs in 5%,
15%, and 40% in patients with mild, moderate,
and severe emphysema, respectively [1].

Assessments of ISa 5 L correlate with DLCO
and to some degree with the ratio of residual vol-
ume/TLC. The concordance of ISa 5 L and
DLCO is apparent with measurements in the
range of cutoffs of 75% for ISa 5 L. However,
there are more exceptions in regard to the antici-
pated correlation when DLCO is less than 80% of
predicted with up to 40% of patients showing
relatively preserved ISa 5 L [3].

Pulmonary Vascular Structure
and Function

It is apparent that in normal smokers and patients
with COPD, the pulmonary arteries undergo
remodeling (Fig. 3.2I). Intima thickening and
medial hypertrophy in COPD is more prominent
vs. normals, however to a limited extent [50];
lungs of patients with mild to moderate COPD,
with no evidence of pulmonary hypertension, had
mostly intima remodeling, possibly due to thin-
ning of the media. These data confirm a prior
study that focused on pulmonary arteries of
100 pm in diameter or less [51], which found an
increase in muscularized pulmonary arteries in
COPD lungs based on replicated elastic layers in
vessels containing a double layer elastic tissue.
The percentage of thick pulmonary arteries was
greater in COPD lungs of patients with right ven-
tricular hypertrophy vs. no hypertrophy, and
extent of centri- and panlobular emphysema [51].
Using angiograms of patients with and without
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COPD, Horsfield and Thomas reconstructed the
pulmonary vascular tree larger than 1 mm vascu-
lar segments. The hierarchical branching order
was then established, for three-order generations
[52] (for a review of pulmonary artery branching
in normal pulmonary arteries, please refer to the
review in Ref. [8]). The most significant pulmo-
nary vascular changes occurred in segments of
orders 2—4, with significantly decreased pulmo-
nary artery diameters. Interestingly, this study
confirmed a prior finding of increased diameter
of the first order pulmonary artery in the hilum.
Interestingly, the more severe the pulmonary
artery remodeling, the less responsive are the
arteries to supplemental oxygen [53].

Conclusions

We owe to several past and current investiga-
tors for detailed insights into the pathology of
COPD. These investigations developed in the
footsteps of the highly innovative and needed
developments in lung stereology. The fast
speed of research in the present days may obvi-
ate the need to grasp these data and incorporate
state-of-the-art methods in the assessment of
pathology in human and experimental disease,
particularly related to COPD. As apparent by
the ATS statement on using stereology for
measuring parameters in lung tissue using sec-
tions [18], it is timely that these methods be
used by current investigators. This chapter
sought to highlight several key morphological
parameters as they relate to the pathogenesis of
COPD. They serve as a guide on how best to
interpret them and incorporate the most signifi-
cant alterations present in humans in our
understanding of the disease and how to best
approach it in animal models.
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Pathogenesis of COPD

Ji-Hyun Lee

COPD Is an Inflammatory Disease

COPD has been traditionally viewed as a chronic
inflammatory disease, which develops in response
to noxious particles or gases, most commonly
from tobacco smoking. Inflammation related to
COPD includes cells and mediators of both
innate and adaptive immunity.

Exposure to cigarette smoke leads to activa-
tion of several pattern recognition receptors
(PRRs), either directly or indirectly by damage-
associated molecular patterns (DAMPs) released
from injured epithelial cells. Activation of PRRs
such as Toll-like receptors (TLRs) and receptor
for advanced glycation end products (RAGE) in
airway epithelium and alveolar macrophages
leads to release of proinflammatory cytokines
and to attract circulating neutrophils, monocytes,
and lymphocytes into the lung [1, 2].

From these cells, several types of proteases
and oxidants are released and, if not sufficiently
counterbalanced by antiproteases and antioxXi-
dants, further damage will occur [1, 2]. Immature
dendritic cells pick up antigens released from
damaged tissue and foreign pathogens and pres-
ent them to naive T cells in the draining lymph
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nodes [1]. On activation, these antigen-specific
CD4* and CD8" cells and antibody-producing B
cells are drawn to the lungs to neutralize the anti-
gens. CD8" T cells and natural killer cells con-
tribute to cytotoxicity of lung tissue cells through
the release of the proteolytic enzymes perforin
and granzyme B [3, 4]. As the disease progresses,
tertiary lymphoid aggregates including an oligo-
clonal selection of the B and T cells develop
around the small airways [5, 6].

Even though smoking elicits an inflammatory
response in the lungs of all smokers, this response
is enhanced and exaggerated in those who
develop COPD. This suggests that there is an
abnormal amplification of the inflammatory
response in the lungs of smokers who develop
COPD, and the intensity of infiltration with acti-
vated inflammatory cells correlates with the
severity of COPD [7-10]. In addition, this inflam-
mation persists for several years even after smok-
ing cessation, suggesting that there was
self-perpetuating mechanisms.

Inflammatory Cells in COPD

Airway Epithelial Cells

The normal differentiated airway epithelium is
composed of ciliated cells, undifferentiated
columnar cells, secretary cells, and basal cells.
Ciliated and mucus-producing cells remove
microbes and other foreign particles via muco-
ciliary clearance mechanism. Non-mucus
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secretory cells produce antimicrobial and anti-
inflammatory proteins, and basal cells function as
stem/progenitor cells to constantly renew the dif-
ferentiated cell populations. In addition, airway
epithelial cells provide a physical barrier against
the outside environment via tight- and adherence
junctions that keep adjacent epithelial cells phys-
ically connected to each other and prevent pas-
sage of microbes and xenobiotics across the
epithelial layer [11, 12]. Also, epithelial cells are
in fact a rich source of cytokines and chemokines
molecules involved in modulating inflammation
and lung defense mechanisms [13].

Smoking- and COPD-associated functional
and architectural changes of the airway epithelial
barrier can also contribute to lung inflammation.
Smoking causes loss of Clara cells in the small
airways, which leads to decreased production of
anti-inflammatory protein secretoglobin 1Al
(also known as Clara cell protein). Squamous
metaplasia, a common histologic lesion in the
airway epithelium of individuals with COPD
[14], is associated with increased production of
proinflammatory cytokines, interleukin (IL)-la
and IL-1p [15] and decreased expression of anti-
microbial factors, such as secretory leukoprote-
ase inhibitor (SLPI) [16]. Further, disorganization
of the junctional barrier in the airway of COPD
smokers results in increased permeability of the
airway epithelium [17, 18], which may allow
microbial products or cigarette smoke to diffuse
through the epithelial layer and activate inflam-
matory cells in the airway mucosa [11].

Alveolar Macrophages

Alveolar macrophages reside on the respiratory
epithelial surface and thus are directly exposed to
the outside environment. Macrophages are
responsible for a broad set of host defense includ-
ing recognition and phagocytosis of pathogenic
material and apoptotic cells.

There is a five to tenfold increase in the num-
bers of macrophages in airways, lung paren-
chyma, and bronchoalveolar lavage (BAL) fluid
in patients with COPD. Macrophage numbers in
the airways correlate with the severity of COPD
[19] and macrophage numbers in the alveoli cor-
relate with the severity of emphysema [20].

There is a lot of evidence that macrophages
play a key role in orchestrating the inflammation
of COPD through the release of chemokines that
attract neutrophils, monocytes, and T cells, pro-
viding a cellular mechanism that links smoking
with inflammation in COPD (Fig. 4.1). Increased
numbers of macrophages in the lungs of patients
with COPD and in the lungs of smokers may
result from increased recruitment of monocytes
from the circulation in response to monocyte che-
motactic chemokines such as monocyte chemo-
tactic peptide (MCP)-1, and other CXC
chemokines (CXCL1, CCL2) released by macro-
phages via interaction with the chemokine recep-
tor CCR2 and CXCR2 expressed on monocytes
[21]. Macrophages also attract neutrophils into
the lung via CXCL1 and CXCLS8 (also known as
IL-8), which act on CXCR?2 expressed predomi-
nantly by neutrophils [22]. Chemokines such as
CXCL9, CXCL10, and CXCL11 released from
macrophages are chemotactic for CD8* T cyto-
toxic (Tc) cells and CD4* Thl cells, via interac-
tion with the chemokine receptor CXCR3
expressed on these cells [23]. Macrophages also
release transforming growth factor (TGF)-f and
connective tissue growth factor (CTGF), which
stimulate fibroblast proliferation, resulting in
fibrosis in the small airways.

Alveolar macrophages secrete proteases,
including matrix metalloproteinase MMP-2,
MMP-9, and MMP-12; cathepsins K, L, and S;
and neutrophil elastase, taken up from neutro-
phils, which may contribute to emphysematous
alveolar destruction [2]. Alveolar macrophages
from patients with COPD are more activated,
secrete more inflammatory proteins, and have
greater elastolytic activity than those from nor-
mal smokers, which is further enhanced by expo-
sure to cigarette smoke [21, 24].

Mechanism of macrophage activation occurs
via oxidant-induced inactivation and reduction of
histone deacetylase-2 (HDAC?2), shifting the bal-
ance toward acetylated or loose chromatin,
exposing nuclear factor-kB (NF-kB) sites, and
resulting in transcription of MMPs, proinflam-
matory cytokines [25]. Corticosteroid resistance
in COPD may be linked to the decreased HDAC
activity [26, 27].
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Fig. 4.1 Macrophages play a key role in orchestrating
the inflammation of COPD through the release of several
chemokines that attract neutrophils, monocytes, and T

Alveolar macrophages from COPD patients are
defective in phagocytic removal of apoptotic cells
(efferocytosis), and phagocytic uptake of bacteria,
which may contribute to the maintenance of
chronic inflammation in COPD [28] and chronic
colonization of the lower airways by bacteria such
as Haemophilus influenzae or Streptococcus pneu-
monia [29]. The bacterial colonization of lower
airways may predispose to acute exacerbations or
pneumonia in patients with COPD [30].

Neutrophils

There is a lot of data supporting neutrophils as
the key effector cells in COPD. Activated neutro-
phils were increased in number within the spu-
tum of COPD patients [31]. The numbers of
neutrophils in bronchial biopsy specimen and

Protease
Small airway fibrosis Emphysema Mucus hypersecretion

Neutrophil Monocyte

cells. Release of transforming growth factor (TGF)-f and
connective tissue growth factor (CTGF) from macro-
phage also stimulate fibroblast proliferation

induced sputum were correlated with the degree
of airflow limitation [32] and the rate of lung
function decline in COPD [33].

Smoking stimulates the granulocyte produc-
tion/release from the bone marrow and prolongs
the survival of neutrophils in the respiratory tract,
possibly mediated by granulocyte macrophage
colony-stimulating factor (GM-CSF) and granulo-
cyte colony-stimulating factor (G-CSF) released
from alveolar macrophages [34]. Smoking also
causes sequestration of neutrophils in the lung
capillaries by decreasing their deformability [35].

Neutrophils migrate and accumulate into the
lungs from the circulation under the direction of
various neutrophil chemotactic factors, including
leukotriene B4, CXCL1, CXCLS5 (ENA-78), and
CXCLS, which are increased in COPD airways [36].
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The migrating neutrophils release proteinases,
such as neutrophil elastase, cathepsin G, and pro-
teinase-3, as well as MMP-8 and MMP-9, which
may contribute to alveolar destruction and mucus
hypersecretion from submucosal glands and gob-
let cells.

Interestingly, neutrophils from patients with
COPD show marked abnormalities in chemotac-
tic response with increased migration but adopted
more circuitous pathways [37], which is likely to
increase damage to bystander lung tissue and
impede bacterial clearance [38].

Dendritic Cells
Dendritic cells are a specialized population of
mononuclear cells responsible for recognition
and uptake of pathogenic materials. The airways
and lungs contain a rich network of immature
dendritic cells that are localized near the surface.
Airway dendritic cells reside adjacent to epithe-
lial cells and extend cytoplasmic protrusions to
sample luminal antigens and interact with envi-
ronmental signals. Upon recognition of antigen,
dendritic cells undergo a maturation process and
migrate toward the local lymphoid tissues, such
as regional lymph nodes or mucosal lymphoid
aggregates. Mature dendritic cells present the
processed antigens to naive T lymphocytes, initi-
ating adaptive immune response to pathogens.
There is an increased number of dendritic
cells in the airways and alveolar walls of smokers
[39]. It is likely that the specific subset of den-
dritic cells is activated in the lungs of patients
with COPD [40] and is linked to disease severity
[41]. The role of dendritic cells in COPD is not
yet defined, but they may form the crucial link
between the innate and adaptive immune
responses in COPD.

Lymphocytes
The only significant difference in the inflamma-
tory cell infiltrate in asymptomatic smokers and
smokers with COPD is an increase in T cells,
mainly CD8* Tc cells.

The number of lung CD8* T cells in COPD
increases substantially with the severity of air-
flow limitation and emphysema [3]. On activa-

tion, CD8* Tc cells cause cytolysis and apoptosis
of alveolar epithelial cells through release of per-
forins, granzyme B, and tumor necrosis factor-a
(TNF-a), and there is an association between
CD8* Tc cells and apoptotic alveolar cells in
emphysema [42].

The numbers of CD4* T cells are also increased
in the airways and lungs of COPD patients. At
least two different types of effector CD4* T cells
accumulate in the lungs of patients with stable
COPD: Thl cells and Th17 cells [23, 43].

Thl cells produce interferon-y and promote
accumulation of inflammatory cells to the lungs.
Lung lymphocytes isolated from the patients with
COPD have higher percentages of Thl cells and
secrete more interferon-y than in control smokers
[23]. TL-18, which promotes Thl cell develop-
ment, is strongly expressed in alveolar macro-
phages, Tc cells, and epithelial cells in lungs of
severe COPD patients [44]. Cytokines of Th1 cells
participate in perpetuating autoimmune responses
and result in excessive proinflammatory responses
that can lead to uncontrolled tissue damage.

Th17 cells are a distinct lineage of activated
CD4* T cells, mediate immunity against extracel-
lular pathogens, but have also been implicated in
autoimmunity [45]. Th17 cells, which secrete
IL-17A and IL-22, are also increased in airways
of patients with COPD and may play a role in
orchestrating neutrophilic inflammation [43, 46].
Th17 cells may be regulated by IL-6 and IL-23
released from alveolar macrophages.

Regulatory T cells (Treg) are another subset of
CD4* T cells with immunoregulatory functions,
which inhibit autoimmunity and suppress inflam-
mation. Tapering of the immune response by
Treg cells protects against uncontrolled inflam-
mation [47], and reduced Treg cell population
have been found in the lungs of patients with
COPD [48, 49].

In severe and very severe COPD patients, B
cells are found in large airways and bronchial-
associated lymphoid tissues around small airways
[7] and the lung parenchyma [6]. B cells might be
activated by bacterial or viral antigens as a conse-
quence of the chronic bacterial colonization or
latent viral infection in the airways of these
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patients. The pathogenic role of the B cell response
is controversial; it might be protective against
microbial colonization and infection of the lower
respiratory tract or it could be directed against
lung tissue antigens, suggesting an autoimmune
component in the pathogenesis of COPD.

Other Cells

Although mast cells and eosinophils have been
traditionally associated with the pathogenetic
mechanisms of allergic asthma, evidence sug-
gests that mast cells and eosinophils could be
implicated in the pathogenesis of COPD.

Histological studies of human lungs have
shown that as COPD progresses to its severe
stages, mast cell populations undergo changes
in density, morphology, and distribution,
including an increase in the number in airway
lumen [50]. Even though, not all patients with
stable COPD have shown the increased number
of eosinophils in the airways [51, 52], many
reports have consistently shown that the
increased numbers of eosinophils in bronchial
biopsies or BAL fluid during acute exacerba-
tions of COPD [53, 54]. The presence of eosin-
ophils in patients with COPD predicts a
response to corticosteroids and may indicate
coexisting asthma [52, 55].

Natural killer cells are classified as lympho-
cytes on the basis of their morphology, the
expression of lymphoid markers, and their origin
from a common lymphoid progenitor cells.
However, they are deemed components of innate
immunity because they lack antigen-specific cell
surface receptors [56]. Natural killer cells act as
cytolytic effector lymphocytes, which can
directly induce the death not only of virus-
infected cells and tumor cells, but also of dam-
aged structural cells in the lungs [4, 57]. Increased
cytotoxic activity of natural killer cells express-
ing both perforin and granzyme B have been
shown in induced sputum of patients with COPD
compared with healthy smokers [4].

Additionally, natural killer cells cross-talk
with dendritic cells and promote the maturation
of dendritic cells by producing interferon-y and
TNF-a [58].

Inflammatory Mediators in COPD

A lot of inflammatory cytokines and chemokines
have been found to be associated with COPD [2,
59, 60]. Pulmonary epithelial cells when exposed
to noxious environmental substances release
TNF-a, IL-1p, GM-CSF, TGF-p1, MCP-1, leu-
kotriene B4, and IL-8 [59, 61, 62]. Macrophages
also release many kinds of chemokines, such as
CCL2, CXCL1, CXCLS8, CXCL9, CXCL10, and
CXCLI11, which are chemotactic to monocytes,
neutrophils, and lymphocytes [62]. In addition,
proteolytic enzymes, e.g., MMP-2, MMP-9,
MMP-12, and cathepsins, are also secreted in
response to reactive oxygen species (ROS)-rich
environment [63]. Transcription factor NF-xB
orchestrates these responses in the cells of
patients with COPD [64].

Which cytokines are the major players at each
time point along the evolving stage of COPD
remains unclear [2, 60].

Similar inflammatory mediators increased in
the circulation of patients with COPD may under-
lie and potentiate systemic comorbidities fre-
quently seen in patients with COPD.

Pathogenesis of Emphysema

Largely due to the greater structural similarity of
animal air spaces than airways to human, we
know more about mechanisms involved in
emphysema than small airway obstruction.

Protease-Antiprotease Imbalance
in the Pathogenesis of COPD

The discovery of severe al-antitrypsin deficiency
in early-onset emphysema patients [65], and the
induction of emphysema by intratracheal instilla-
tion of a proteolytic enzyme in experimental ani-
mals [66, 67], led to the protease-antiprotease
imbalance hypothesis of emphysema. According
to this hypothesis, smoking induces an increased
number of neutrophils and macrophages in the
lung and the released proteases from these cells
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are not fully inhibited by antiproteases, which
lead to proteolysis of lung connective tissue, par-
ticularly elastin and also stimulate inflammation
into the lung [68, 69].

A large body of literature has been tested the
hypothesis that a protease-antiprotease imbal-
ance is the critical mechanism in the pathogene-
sis of emphysema in COPD.

Protease-Antiprotease Imbalance

in a1-Antitrypsin Deficiency

There is strong evidence to support this hypothe-
sis as the main pathogenic mechanism in emphy-
sema associated with severe ol-antitrypsin
deficiency. al-antitrypsin is a 52-kDa single-
chain glycoprotein with a sequence of 394 amino
acids that is synthesized predominantly in the
liver and functions as the major inhibitor of neu-
trophil elastase [69].

Several mechanisms are related to deficiency
of al-antitrypsin, including total absence of the
gene, frame shift mutations that lead to prema-
ture stop codons, as well as point mutations that
may lead to no production or production of
abnormal ol-antitrypsin  phenotypes  [70].
Abnormal ol-antitrypsin is accumulated in the
hepatocytes and has retained a tendency to form
spontaneous polymers both in the serum and tis-
sues, especially the lung. The most common phe-
notype of al-antitrypsin is the normal M form.
Affected individuals have two genes and these
are usually expressed in a codominant form, thus
heterozygotes are common. The level of
al-antitrypsin may be key to the susceptibility to
develop pulmonary emphysema [69]. MZ hetero-
zygotes have partially reduced serum levels
(approximately 60% of normal MM homozy-
gotes), and SZ heterozygotes have levels approx-
imately 40% of the normal MM homozygotes. In
contrast, ZZ or Z-null types have levels less than
15% of the normal value.

Elastin is the principal component of elastic
fibers. Insoluble elastin fibers are formed by com-
plex mechanisms from the tropoelastin molecules
secreted from several cell types. Elastin is an
important target for proteolytic enzymes, and its
destruction results in emphysematous destruction
and loss of elasticity in the lung parenchyma [71].

Neutrophil elastase is a potent elastolytic
enzyme and its intratracheal injection in experi-
mental animals induces emphysema [66, 67]. A
pathogenic role of neutrophil elastase in
ol-antitrypsin-deficient emphysema is supported
by the correlation of increased neutrophil elastase
concentration with severity of emphysema [72].

Increased elastase activity in patients with
COPD may contribute to inflammation because
fragments of matrix proteins, generated by protease
activity, have chemotactic activity for neutrophils
and monocytes and may also be proinflammatory
[73]. Neutrophil elastase is also a potent stimulant
of mucus secretion in the airways [2].

The classic presentation for individuals with
ol-antitrypsin deficiency is early-onset basal
panacinar emphysema. However, in recent years
ol-antitrypsin deficiency testing has become
more widespread, and the variability of the age of
presentation has become more apparent as well
as variations in the clinical phenotype. Patients
may present with bronchiectasis and no emphy-
sema [74], upper zone and centrilobular emphy-
sema [75], as well as the classic lower zone
panacinar emphysema.

Protease-Antiprotease Imbalance

in COPD Without Antitrypsin

Deficiency

Smoking may cause a protease-antiprotease
imbalance by reducing the functional activity of
ol-antitrypsin and by increasing the amount of
elastolytic proteases released in the lung [76, 77].
However, most of the al-antitrypsin in cigarette
smokers remains active and is therefore still
capable of protecting against the increased prote-
ase burden [78-80].

Therefore, further hypotheses have invoked a
contributory role for other proteases and antipro-
teases imbalance, especially in COPD patients
without al-antitrypsin deficiency.

Pathological studies of accidentally dying
young smokers reported an increased number of
macrophages in the respiratory bronchioles,
where centrilobular emphysema develops in
smokers without ol-antitrypsin deficiency [81],
suggesting a potential role of macrophages espe-
cially in centrilobular emphysema.
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Alveolar macrophages may bind and internal-
ize released neutrophil elastase in the lung [82]
and alveolar macrophage from smokers with low
attenuation area on CT scan showed higher activ-
ity of neutrophil elastase [83].

Alveolar macrophage also releases several
elastolytic enzymes including MMP-2, MMP-
9, MMP-12, cathepsins L and S [84-87],
which are not inhibited by ol-antitrypsin.
In addition, non-elastolytic enzyme, MMP-1
(collagenase) from macrophages, has been
implicated in the pathogenesis of emphysema
in transgenic mice [88, 89] by degrading
type III collagen [90]. Elastolytic activity of
cultured alveolar macrophage from patients
with emphysema was increased compared
with those of patients with bronchitis or other
lung diseases [91]. Emphysematous lung tis-
sue showed significantly higher levels of
MMP-2 (gelatinase A) and MMP-9 (gelatin-
ase B) compared with control tissue [92]. A
study using immunohistochemistry showed
increases in MMP-1, MMP-2, MMP-8, and
MMP-9 in lung tissue from COPD patients
compared with controls. MMP-9 is also
known to activate the latent form of TGF-f
to its active form [93], which could provide a
link between enhanced elastolytic activity by
MMP-9 and the simultaneous airway fibrosis
by activation of TGF-p.

In addition, extracellular matrix proteolytic
degradation fragments may act as chemokines
and promote inflammation [73, 94, 95]. MMP-9
generates a collagen fragment, N-acetyl-proline-
glycine-proline tripeptide, which is chemotactic
to neutrophils [73]. Laminin and fibronectin frag-
ments are chemotactic to human neutrophils and
monocytes [94]. In that way, proteolysis of extra-
cellular matrix generates fragments that may per-
petuate inflammation even after smoking
cessation.

Human alveolar macrophages also release
endogenous inhibitors of MMPs, TIMP1 and
TIMP2 [96]. Alveolar macrophages from COPD
patients release less TIMP1 in vitro than those
from smokers without COPD and nonsmokers
[97]. TIMP3 is the only TIMP that binds strongly
to the extracellular matrix. TIMP3 knockout mice

demonstrate progressive airspace enlargement
and enhanced collagen degradation or increased
elastin breakdown without inflammation [98].

While extracellular matrix proteolysis by
inflammatory cell-derived proteolytic enzymes is
a central event in emphysema, it is apparent that
it cannot explain the complexity of alveolar
destruction in COPD.

Oxidative Stress in the Pathogenesis
of COPD

Oxidants include reactive molecules, including
free radicals and non-radical reactive species,
summarized as reactive species comprising ROS
and reactive nitrogen species (RNS). Normal air-
ways are replete with antioxidants, such as gluta-
thione (GSH), urate, ascorbate, and extracellular
superoxide dismutase (ECSOD). The balance
between oxidants and antioxidants is important
to maintain normal physiologic function in the
lung. Oxidative stress is a potentially harmful
imbalance between oxidants and antioxidants
and occurs when the burden of oxidants is not
well counterbalanced by the antioxidant defense
system [99], which may provoke diverse lung
pathologies.

Although inflammation and protease-
antiprotease imbalance have been postulated to
be critical in cigarette smoke-induced emphy-
sema, there is considerable evidence that oxida-
tive stress plays an important role in COPD
[100, 101].

Physiological Roles of Radical Species

Experimental studies have identified mitochon-
drial ROS as essential for O, sensing. Superoxide
radicals may aid in maintaining defined redox
potentials on the cellular level and so regulate
development and differentiation processes of the
organism. Tyrosine radicals are part of the sub-
unit of ribonucleoside diphosphate reductase in
the synthesis of DNA. Reactive species also con-
tribute to the synthesis of prostaglandins and leu-
kotrienes. Inflammatory cells not only use but
also release oxidizing agents (e.g., myeloperoxi-
dase from neutrophils or eosinophilic peroxidase
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from eosinophils) to destroy microbes and to pro-
tect the organs. Some of the reactive species are
important signaling mediators; ROS generated
by macrophages in inflammatory processes may
initiate intracellular signal transduction and then
express cytokines and other mediators of inflam-
mation [102]. The function of nitric oxide is well
documented as a potent vasodilator, neurotrans-
mitter, and bactericide. In addition, reactive spe-
cies are closely correlated to cellular apoptosis.

Oxidative Stress in the Pathogenesis

of COPD

With a large surface area of 80-100 m? and a
daily breathing volume of 10,000-20,000 L, the
lungs are very susceptible to oxidative stress.
Especially in smokers, the situation is drastic
because smoking leads to a significant exposure
to oxidants [103]. Besides cigarette smoke, urban
(biomass fuel), industrial, and occupational air
pollution provide various exogenous oxidants
that probably are responsible for the high preva-
lence rates of COPD in nonsmokers in develop-
ing countries [102].

The enhanced oxidizing environment can
facilitate the binding of pathogens or antigens to
effector cells leading to an innate immune
system.

Increased expression of multiple inflamma-
tory genes is regulated by acetylation of core his-
tones, and HDAC2 suppresses inflammatory
gene expression. Oxidants modify HDAC pro-
tein, induce proteosomal degradation of HDAC,
and thus decrease HDAC activity [104]. It turns
on the redox-sensitive transcription factors (NF-
kB and activating protein-1 [AP-1]) resulting in
the production of proinflammatory cytokines and
chemokines, which further aggravate inflamma-
tion and oxidative stress [102].

Oxidants inactivate antiproteases (such as
al-antitrypsin or secretory leukoprotease inhibi-
tor) [105] and activate MMPs [102], resulting in
a protease-antiprotease imbalance in the lungs,
and damage the lung matrix protein (e.g., elastin
and collagen) [106]. In addition, oxidants may
interfere with elastin synthesis and repair [101].

In COPD, HDAC?2 expression and activity are
reduced in peripheral lung and in alveolar macro-

phages, resulting in amplification of the inflam-
matory response. Oxidative stress also causes
alveolar cell apoptosis in the setting of human
and experimental emphysema [107-109].
Moreover, oxidative stress underlies several of
the mechanisms thought to participate in aging,
which is another suggested mechanism of the
pathogenesis of COPD [110].

The defense mechanisms of the cell through
the activation of antioxidant system are also sig-
nificantly defected in COPD patients [111]. A
master antioxidant transcription factor, nuclear
erythroid-related factor 2 (Nrf2), controls the
expression of more than 100 gene products,
including many important antioxidant enzymes.
Disruption of the Nrf2 gene in mice led to earlier
onset and more extensive cigarette smoke-
induced emphysema with increased inflamma-
tion and apoptosis in the lung [112].

Cell Death and Impaired Repair
in COPD

Excess oxidative stress causes cell death by non-
physiological (necrotic) or regulated pathways
(apoptosis). Apoptotic death of alveolar struc-
tural cells (endothelial and epithelial cells) has
been shown to play a crucial role in the develop-
ment of emphysema.

Alveolar cell apoptosis was induced by the
intratracheal instillation of active caspase-3 and
caused emphysematous change [113]. Direct
instillation of ceramide, oxidative stress-induced
proapoptotic molecule, to the lungs of mice cause
apoptotic cell death and alveolar enlargement
[114]. Superoxide dismutase protected against
ceramide-induced alveolar cell apoptosis and
alveolar enlargement [115]. These findings indi-
cate that alveolar cell apoptosis and oxidative
stress mutually interact to mediate emphysema-
tous alveolar destruction.

Also, vascular endothelial growth factor
(VEGF) signaling seems to be important for the
maintenance of the integrity of alveolar structure.
Decreased VEGF or VEGEF signaling could cause
experimental emphysema with apoptotic cell death
in animals [116, 117]. Decreased expression of
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VEGF and VEGF-receptor 2 expressions were
demonstrated in human emphysema lungs [118]
and cigarette smoke reduced the levels of VEGF-
receptor 2 expression in rat lung and in the lungs
of smokers and COPD patients [119].

Recently, autophagic cell death prior to apop-
tosis has been implicated in the pathogenesis of
emphysema. Autophagy is a pro-survival mecha-
nism responding to injury. Lung epithelial cells
[120], endothelial cells [121], fibroblasts [122],
and alveolar macrophages [122, 123] initiate
autophagy signaling responding to cigarette
smoke exposure. Current evidence suggests that
the abnormal persistence of such signaling or the
inability to complete a physiological autophagic
program may increase cellular stress such as
endoplasmic reticulum (ER) stress, leading to
caspase activation and apoptosis in diseased
lungs [121, 123, 124]. In the specimens of COPD
patients, markers of autophagy were upregulated
in the early stage of disease progression, while
caspase activation was examined at the later
stages of COPD. This might indicate that autoph-
agy is attempting to protect during the initial
stages from cigarette smoke-induced stress [27].

Although, significant regeneration and repair
are possible after physiologic insults, including
pneumonectomy and severe respiratory infection
[125-128], the ability of the adult lung to repair
damaged alveoli appears limited. It is unlikely
that the process of septation that is responsible
for alveologenesis during lung development can
be reinitiated. Also, it appears difficult for an
adult human to completely restore an appropriate
extracellular matrix, particularly functional elas-
tic fibers.

Some compensatory lung tissue regrowth is
possible, for which several factors, such as, thy-
roid transcription factor 1, VEGF, hypoxia-
inducible factor 1, and keratinocyte growth factor
are known to be responsible [129-132].

It is well known that the type II alveolar epi-
thelial cells have regenerative capacity. In a
recent study, type II epithelial cells can be self-
renewed in culture and differentiated into
alveolar-like structures “alveolospheres” con-
taining type II and cells expressing type I epithe-
lial cell markers. [133].

In alveolar tissue context, mesenchymal stem
cell (MSC) also has been shown to contribute to
regeneration in cigarette smoke-induced emphy-
sema in rat lung [134, 135]. Amniotic fluid-
derived MSC has generated type II alveolar
epithelial cells, integrated at the sites of destruc-
tion, and induced local regeneration of the lung
alveolar epithelium [134]. Administration of
bone marrow-derived cell, MSC, cell free MSC-
conditioned media also induced a repair of
emphysema and increased the number of small
pulmonary vessels [135]. The reparative effects
of these stem cells are thought to be achieved due
to paracrine effect rather than stem cell engraft-
ment because stem cell engraftment rate was very
low and cell-free MSC-conditioned media also
induced repair.

Finally, lung fibroblasts are considered crucial
for maintenance of the integrity of alveolar struc-
ture by producing extracellular matrix proteins,
including collagen, elastin, and fibronectin,
which are required for attachment, structure, and
function of alveolar epithelial cells [136].
Cigarette smoke extract suppresses proliferation
[137], apoptotic death [138], senescence [139],
and inhibition of collagen gel contraction [140]
in lung fibroblasts in vitro. Similarly, lung fibro-
blasts from patients with COPD showed similar
effects [141, 142], suggesting that cigarette
smoke may interfere with reparative roles of lung
fibroblasts.

The relentless lung injury due to oxidant
exposure, disruption of the balance between cell
death and replenishment of structural cells along
with the potential exhaustion of lung mainte-
nance program ultimately leads to emphysema.

Other Pathogenetic Mechanism
of Emphysema

Accelerated Aging

Ocxidative stress induce a number of molecular
and cellular mechanisms associated with cellular
senescence including accumulation of DNA
damage [143], impairment of DNA repair [144]
epigenetic modifications in nuclear DNA [145],
protein damage [146].
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There is growing evidence that emphysema
may be caused by accelerated aging of the lungs.
Emphysema and cellular senescence share some
features, inflammation and oxidative stress,
which are the main pathogenic mechanisms of
COPD [110, 147].

In addition, several aging animal models have
been associated with emphysema. The klotho
gene encodes a membrane protein that is a regu-
lator of oxidative stress and cell senescence
[148]; mice with a defect of the klotho gene
develop a syndrome resembling aging including
emphysema [149]. Senescent marker protein-30
(SMP-30) is expressed in early life and progres-
sively decreases with age [150]; SMP-30 knock-
out mice develop distal airspace enlargement
indicative of emphysema [151].

Telomeres are DNA caps located at the end of
chromosomes, protecting DNA against degrada-
tion and remodeling, and preventing gene muta-
tion that may lead to cancerous changes [152].
Owing to the end-replication problem in mature
somatic cells, telomere repeats are lost with each
replicative cycle until a critical length is reached,
at which point cells undergo apoptosis or other
disruptive events. This entire process is acceler-
ated by the presence of ROS or inflammation
[153], leading to short telomeres and telomere
length is well-known biomarkers of biological
aging. From patients with COPD, telomeres of
blood leukocytes are shorter compared with con-
trol subjects [154].

As other cellular senescence markers, expres-
sion of senescence-associated [-galactosidase
(SA—B-gal) and cyclin-kinase inhibitors p16 and
p21, and detection of DNA repair/damage can be
used [155]. Cigarette smoke extract leads to
increased SA—f-gal expression in cultured type II
cells [156] or lung fibroblasts [139]. Lung fibro-
blasts harvested from emphysematous lungs also
showed increased SA—f-gal expression [157].
Alveolar epithelial and endothelial cells in
emphysematous lungs showed increased expres-
sion of p21 in association with decreased telo-
mere length [158].

Sirtuin I (SIRT-1) is an anti-aging and anti-
inflammatory protein, essential for maintaining
silent chromatin via metabolic NAD(+)-

dependent protein/histone deacetylase. SIRT-1
also regulates NF-xB-dependent transcription
and cell survival in response to TNF-a [159].
Environmental stress, such as cigarette smoke
exposure, reduced activity and expression of
SIRT-1 via increased expression of MMP-9
[160]. SIRT-1 is decreased in lung cells from
patients with COPD, compared with smokers
without COPD as a result of post-translational
oxidative modification [161]. This would accel-
erate the process of aging and also enhance
inflammation.

In conclusion, cellular senescence induced by
ROS further impair tissue repair in response to
repetitive cigarette smoke-induced injury of the
lungs.

Autoimmunity and COPD

Autoimmunity has been proposed as a late patho-
genic event in the progressive course of
COPD. Cigarette-induced lung injury may
uncover previously sequestered autoantigens, or
cigarette smoke may damage lung interstitial and
structural cells and make them antigenic [57].

Several autoantibodies have been found in the
circulation of patients with COPD, particularly in
severe disease [162, 163]. Antibodies against pri-
mary pulmonary epithelial cells, including anti-
Hep-2 epithelial cell IgG autoantibodies, were
found more frequently in patients with COPD
than in controls [164]. Even though the data are
conflicting, antielastin antibodies also have been
proposed to drive COPD progression [48, 165].

Lung vascular endothelial cells also can be
exposed to autoimmune attacks. Xenogeneic
endothelial cells injected in rats induced autoan-
tibody production that subsequently leads to lung
emphysema [166]. Corroboratively, another
study demonstrated that patients with COPD
have significantly higher serum antiendothelial
cell antibodies than subjects without COPD
[167].

In addition, it was reported that antinuclear
autoantibodies were more prevalent in patients
with COPD than in healthy controls, but these
molecules were not associated with smoking sta-
tus or FEV |, even though, the pathological impor-
tance of these observations is unclear [168, 169].
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Consequences of such self-attack induce lung
tissue damage and further lead to structural alter-
ations and creation of neoantigens [170].
Autoimmunity to these modified host molecules
could be important in the pathogenesis of
emphysema.

Epigenetic Changes in COPD
Development

A lot of evidence support that individual suscep-
tibility is important in the development of
COPD. Many candidate genes that could be
linked to the development of COPD have been
examined; however, the results have been quite
inconsistent, suggesting that not only genetics,
but also other factors, may contribute to the sus-
ceptibility of COPD.

Epigenetic regulation can affect the transcrip-
tional activity of specific genes leading to altera-
tion of gene expression patterns upon
environmental stimulus without modifying the
DNA sequence. Typical epigenetic changes are
post-translational modifications of histones,
DNA methylation, which modulate gene expres-
sion without altering the sequence of the target
genes.

There is emerging evidence supporting a role
of epigenetics in the regulation of inflammatory
genes in COPD.

HDAC: are key enzymes in the control of pro-
inflammatory cytokines. Oxidants reduce expres-
sion levels/activity of these deacetylases.
Therefore, reduced HDAC?2 expression and activ-
ity in the lung and alveolar macrophages corre-
lated with the disease severity and the intensity of
the inflammation in COPD [26]. Overexpression
or knockdown of HDAC2 in alveolar macro-
phages from COPD patients affected not only the
inflammatory response but also the corticosteroid
responsiveness [27].

SIRT1 is a histone and protein deacetylase,
which deacetylates histones (H3 and H4) and
non-histone proteins including transcription fac-
tors, co-activators, and other signaling molecules
(e.g., FOXO, p53, and RelA/p65) [171]. It is rec-
ognized that SIRT1 modulates NF-kB-dependent
transcription [159] and inhibits the activity of
NF-kB [172]. SIRT1 expression is reduced in the

lungs of smokers and COPD patients. Cigarette
smoke extracts derived reactive species down-
regulated SIRT1 protein level in human
monocyte-macrophage cells via post-translational
modifications, leading to increased level of pro-
inflammatory cytokines [161].

Given their demonstrated modifiable nature,
epigenetic mechanisms may open new possibili-
ties for therapeutic intervention.

Pathogenesis of Airway Obstruction

Infiltration of Inflammatory Cells
in Small Airways

Progression of COPD is associated with the infil-
tration of the airway wall by innate and adaptive
inflammatory immune cells and the percentage of
airways that containing these cells increased as
COPD progressed [7]. With increasing disease
severity, there is also increased mucus hyperse-
cretion, submucosal gland hypertrophy, peribron-
chial fibrosis, and an increase in airway smooth
muscle mass. Although, it is likely that infiltrat-
ing inflammatory cells contribute to the structural
abnormalities in airway, evidence linking these
processes remains scarce.

Mucus Hypersecretion

The accumulation of mucus exudates in the air-
way lumen is characteristic in advanced COPD
[7]. Cigarette smoke that inhibits the cystic fibro-
sis transmembrane conductance regulator
(CFTR) function provides a mechanistic link
between smoking and abnormal mucous secre-
tion by airway epithelial cells [173].

The increased expression of the mucin MUCS5B
in the bronchiolar lumen and the mucin MUC5AC
in the bronchiolar epithelium were showed in the
lungs of COPD patients [174]. Activation of a
ligand-dependent EGFR signaling mediated by
neutrophil elastase or MMP-9 is also responsible
for the mucin synthesis [175-177]. Mucus-
secreting goblet cells are increased in the small
airways of patients with COPD [178]. Goblet cell
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hyperplasia may be caused by the activation of the
epidermal growth factor receptor (EGFR), which
may be upregulated by oxidants in cigarette smoke
and by cytokines, such as TNF-a, IL-8, or IL-13
[179, 180]. Neutrophils may directly cause degran-
ulation of goblet cells through the release of neu-
trophil elastase and cathepsin G [181].

Airway Remodeling

Airway wall remodeling is present in the small
airways of patients with COPD, consisting of tis-
sue repair and epithelial metaplasia that contrib-
ute to airway wall thickening and airflow
obstruction.

TGF-p is proposed as an important mediator
of airway remodeling in COPD [182]. Increased
TGF-p is found in the small airway epithelium of
COPD npatients, and its levels correlate with the
severity of obstruction [183, 184]. Adenoviral
transfer of TGF-f1 to murine lung shows
increased fibroblast accumulation around air-
ways, and airway epithelial transgenic expression
of TGF-B causes peribronchiolar fibrosis [185,
186]. TGF-p also increases the expression of
smooth muscle contractile proteins, such as
a-smooth muscle actin and calponin, in airway
smooth muscle and fibroblasts, which increases
airway smooth muscle mass [187, 188].

TGF-p is ubiquitously expressed in three iso-
forms in all mammalian cell types and tissues but
is found almost entirely in a latent form [189,
190]. Thus, a major point of regulation of TGF-f
function is through its activation.

Squamous metaplasia actively contributes to
airway wall thickening through alteration of
epithelial-mesenchymal interactions in COPD.
IL-1p released by squamous metaplastic epithe-
lium activates TGF-p in human airway fibro-
blasts [15].

Smooth muscle mass seen in small airways
of COPD patients is inversely correlated with
the lung function [3]. However, it is unknown
whether increased smooth muscle mass is
caused by an increased cell number, an
increased cell size, or both [191].

Airway smooth muscle cells also have poten-
tial to contribute to the inflammatory and remod-
eling processes in the small airways [191]. Recent
study reported that oxidative stress induces mito-
chondrial dysfunction in airway smooth muscle
cells isolated from COPD patients, which might
contribute to inflammation and increased airway
smooth muscle mass in COPD [192].

Unanswered Question

Although major progress has been made in
understanding COPD, many questions about
COPD remain unanswered.
1. Why do not all smokers develop COPD?
2. Why does it take decades to develop COPD?
3. How the underlying inflammatory process is
linked to pathophysiology and disease
progression?
4. Why inflammation and disease progression
persist even after smoking cessation?
5. Why is COPD heterogeneous?
The issues will provide a valuable basis for
future research into this devastating disease.
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Pathophysiology of COPD

Eun Kyung Kim

Chronic obstructive pulmonary disease (COPD)
is a progressive inflammatory disease of the lung
that involves complex interaction of cells and
mediators. And it involves destruction of various
tissue and repair mechanisms leading to struc-
tural changes that result in progressive airflow
limitation with incomplete reversibility [1].

The pathological changes in patients with
COPD occur in the following compartments of
the lungs: the central, large airways; the periph-
eral, small airways; the lung parenchyma; and the
pulmonary vasculature. Changes in large airways
cause cough and sputum. The relative contribu-
tion to the obstruction of the airways was made
by the pathological changes in the small airways
and alveoli [2]. The pathologic abnormalities of
COPD are associated with lung inflammation
resulting from an imbalance of proteinases and
antiproteinases, and oxidative stress induced by
noxious particles and gases in susceptible indi-
viduals [2]. The physiologic changes of COPD
can be described with mucus hypersecretion, cili-
ary dysfunction, airflow limitation, pulmonary
hyperinflation, gas exchange abnormalities, pul-
monary hypertension, and cor pulmonale.
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Persistent reduction in forced expiratory flow
rates is the most typical finding in COPD. The
airflow limitation principally results from an
increase in the resistance of the small conducting
airways and a decrease in pulmonary elastic
recoil due to emphysematous lung destruction.
Emphysema and small airway pathology are both
present in most patients with COPD; however,
they do not appear to be mechanistically related
to each other, and their relative contributions to
obstruction vary from one person to another [1].
Increases in the residual volume and the residual
volume/total lung capacity ratio (RV/TLC), non-
uniform  distribution of ventilation, and
ventilation-perfusion mismatching also occur.

The pathophysiology of COPD is complicated
and largely undiscovered. This is complicated by
the fact that there is heterogeneity of the disease,
with some patients showing a predominant
emphysema pattern, whereas in others small air-
way disease predominates, although many
patients have a mixed pattern. This chapter pro-
vides a general overview of the pathophysiology
of COPD.

Mucus Hypersecretion and Ciliary
Dysfunction

Innate immune response to inhaled toxic particles
and gases in cigarette smoke results in inflamma-
tion in the epithelium of the central large airways
and in the mucus-producing glands leading to
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cough and sputum production that define chronic
bronchitis [3]. Chronic mucus hypersecretion
may be a reflection of the inflammatory response
in the submucosal glands, which is associated
with increased mucus production, reduced muco-
ciliary clearance [4, 5]. Inflammatory cells release
proteases that are potent secretagogues for mucus
[6]. Oxidants derived from cigarette smoke and
released from inflammatory leukocytes may also
be involved in overproduction of mucin by induc-
tion of the MUC5AC gene [7]. Bronchi also
undergo squamous metaplasia, disrupting muco-
ciliary clearance and predisposing to carcinogen-
esis. The contribution of mucus hypersecretion to
the airflow limitation in COPD is still uncertain. It
appears that it contributes little in the early stages
of COPD because mucus production in smokers
with normal lung function does not appear to pre-
dict later development of COPD [8]. However,
chronic mucus hypersecretion may contribute in
the later stages of the disease because of an
increased risk of exacerbations that may acceler-
ate the loss of FEV,.

Airflow Obstruction

The pathological consequences of the COPD
induce series of physiological changes. Elastin
proteolysis results in reduction in elastic recoil
pressures in the lungs. It results in significant air-
way narrowing with reduction in air flow in the
small airways and air-trapping in the lungs.
Fibrotic remodeling of the airways results in
fixed airway narrowing causing increased airway
resistance which is not fully reversible even with
bronchodilators. A major site of airway obstruc-
tion in COPD is the smaller conducting airways:
membranous and respiratory bronchioles (<2 mm
in diameter) [9]. Inflammation and peribronchial
fibrosis contribute to the fixed airway obstruction
in the small airways in COPD. Extensive alveolar
and bronchiolar epithelial cells and pulmonary
capillary apoptosis result in histological feature
such as emphysema and physiological feature
such as decreased surface area of alveoli for gas
exchange and ventilation-perfusion (VA/Q) mis-
match [10, 11]. Emphysema does not remain

small airway patency by destruction of alveolar
attachments, also reduces lung elastic recoil pres-
sure which leads to a reduced driving pressure for
expiratory flow through narrowed and poorly
supported airways in which airflow resistance is
significantly increased [12].

Airflow limitation, also known as airflow
obstruction, particularly during expiration is car-
dinal to COPD diagnosis. It is the result of the
balance between the elastic recoil of the lungs
promoting flow and the resistance of the airways
limiting flow. Expiratory flow limitation arises
because of the combined effects of airway nar-
rowing (caused by mucosal edema, mucus plug-
ging, airway remodeling, and peribronchial
fibrosis); reduced lung elastic recoil (reduced
driving pressure for expiratory flow); and dis-
rupted alveolar attachments, which predispose to
dynamic airway collapse [13—15].

In normal lungs, as well as in lungs affected
by COPD, maximal expiratory flow diminishes
as the lungs empty because the lung parenchyma
provides progressively less elastic recoil and
because the cross-sectional area of the airways
falls, raising the resistance to airflow. Due to
reduced airway caliber and increased airway
resistance, there is reduced airflow during expira-
tion which prolongs the removal of air from the
lungs [16]. The volume of air remaining in the
lung at the end of spontaneous expiration is
increased in COPD compared with healthy per-
son [12]. During spontaneous breathing at rest in
patients with COPD, which have airflow limita-
tion, end expiratory lung volume is also “dynami-
cally” determined. In flow-limited patients, the
mechanical time constant for lung emptying is
increased in most alveolar units, but the expira-
tory time available is often insufficient. As a
result, air-trapping occurs [12, 17].

The physiological feature of COPD is usually
determined by spirometry, which detected with
forced expiratory maneuvers using spirometric
lung volume ratio of volume of air removed in
first second (FEV,) and total volume of air
exhaled during the entire spirometric maneuver
[forced vital capacity (FVC)] during forceful
expiration after maximal inhalation. Patients with
airflow obstruction related to COPD have a
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chronically reduced ratio of FEV,/FVC (FEV,/
FVC <0.7). In contrast to asthma, the reduced
FEV, in COPD seldom shows large responses to
inhaled bronchodilators although improvements
up to 15% are common [18].

Fixed airway obstruction depicts intensity of
small airway inflammation (mucosal edema,
fibrotic remodeling of the airway, and mucus
impaction) and possibly increased cholinergic
airway smooth muscle tone [5, 13, 19-21].
Contraction of airway smooth muscle, accumula-
tion of inflammatory cells, mucus, and plasma
exudate in airways might explain a part of the
mechanism of airflow limitation and can be
improved by the treatment.

Hyperinflation

Lung hyperinflation or air-trapping is one of the
hallmarks of COPD pathophysiology. Increased
residual volume, total lung capacity, functional
residual capacity (FRC), and increased RV/TLC
are common in COPD.

Hyperinflation is primary cause of dyspnea,
poor quality of life, and advertent disease prog-
nosis associated with COPD [12]. Damage to
elastin and narrowing of airways are major causes
for air-trapping in COPD. The barrel-shaped
chest in COPD is attributed to hyperinflation of
the lungs.

The inward lung elastic recoil pressures are
the primary forces which drive air out of the
small airways and alveoli during tidal expiration
for which it has to counteract outward recoil
pressures generated by thoracic wall. During end
tidal expiration, both these forces equally balance
each other causing relative airflow stasis and
relaxed lung state. The volume of air trapped in
the lungs at this equi-pressure stage is physiolog-
ically termed as FRC [12, 22].

In COPD, weakening of elastic tissue gener-
ates inadequate inward lung elastic recoil pres-
sures to cause movement of air out of the lungs.
Therefore to counteract the outward recoil pres-
sures of thoracic cage, the reduced elastic recoil
of the lungs generates equi-pressure states with
larger FRC resulting in state of hyperinflation

[12, 22, 23]. This pushes the equi-pressure point
further away from the alveoli. It is believed that
the symptomatic improvement produced by
bronchodilators is majorly by reduction in lung
hyperinflation rather than bronchodilation [23].

Hyperinflation of the thorax during tidal
breathing may be beneficial, it preserves maxi-
mum expiratory airflow, because as lung volume
increases, elastic recoil pressure increases, and
airways enlarge so that airway resistance
decreases.

Despite compensating for airway obstruction,
hyperinflation can push the diaphragm into a flat-
tened position with a number of adverse effects.
The zone of apposition between the diaphragm
and the abdominal wall is decreased. So, positive
abdominal pressure during inspiration is not
applied as effectively to the chest wall, hindering
rib cage movement and impairing inspiration.
Additionally, as the muscle fibers of the flattened
diaphragm are shorter than those of a more nor-
mally curved diaphragm, they are less capable of
generating inspiratory pressures than normal.
Furthermore, the flattened diaphragm (with
increased radius of curvature, r) must generate
greater tension () to develop the transpulmonary
pressure (p) required to produce tidal breathing
(This follows from Laplace’s law; p =2 t/r). Also,
because the thoracic cage is distended beyond its
normal resting volume, during tidal breathing the
inspiratory muscles must do work to overcome
the resistance of the thoracic cage to further infla-
tion instead of gaining the normal assistance
from the chest wall recoiling outward toward its
resting volume [12, 24, 25].

The hyperinflation is dynamic in nature and
is present in all stages of the disease, which is
usually manifested in hyperventilation states
which are outcome of expiratory flow limita-
tion, anxiety, and ventilation perfusion mis-
matches related to COPD exacerbations or any
activity which increases oxygen demand. In
hyperventilation during each breath, inhalation
commences before full exhalation is achieved,
this results in air-trapping which enhances with
each breath. With every breath FRC increases
and inspiratory capacity reduces. When the
rising FRC encroaches inspiratory reserve
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volumes further increase in inspiratory muscle
activation produce little or no additional venti-
lation [26].

Also, FRC no longer occurs at the passive
point of equilibrium between chest wall and lung
recoil, but occurs at a positive end-expiratory
pressure (PEEP) before exhalation has achieved
the relaxation volume [26]. The increasing
intrinsic-PEEP during dynamic hyperinflation
places diaphragm in a mechanical disadvantaged
position shortens its operating length and alters
the mechanical linkage between its various parts.
This progressively diminishes the tension and
resulting trans-diaphragmatic pressure generated
by diaphragmatic contraction [12]. These altered
actions of diaphragm can potentially cause dis-
ability and impending respiratory failure during
COPD exacerbations.

Abnormality of Gas Exchange

COPD is the most common chronic respiratory
disease state associated with chronic and/or acute
respiratory insufficiency. The partial pressure of
oxygen in arterial blood (PaO,) usually remains
near normal until the FEV is decreased to ~50%
of predicted, and even much lower FEV, values
can be associated with a normal PaO,, at least at
rest. An elevation of arterial level of carbon diox-
ide (PaCO,) is not expected until the FEV, is
<25% of predicted and even then may not occur
[1, 27]. Hypoxemia occurs only during exercise
in the early stage of the disease. However, it
appears to be at rest as the disease progress.
Uneven distribution of both alveolar ventila-
tion and pulmonary blood flow, namely, VA/Q
mismatch, remains the most important cause of
arterial hypoxemia, with or without hypercapnia,
in both stable and exacerbated COPD [28].
Non-uniform ventilation and VA/Q mismatch-
ing are characteristic of COPD, reflecting the het-
erogeneous nature of the disease process within
the airways and lung parenchyma. Physiologic
studies are consistent with multiple parenchymal
compartments having different rates of ventila-
tion due to regional differences in compliance
and airway resistance. Among patients with

COPD, those with predominant emphysema have
high VA/Q areas within the lungs, whereas those
with predominant chronic bronchitis have low
VA/Q regions as a result of small airways distor-
tion and mucus plugging [29, 30].

In mild-to-moderate COPD, Barbera and col-
leagues [31] and Rodriguez-Roisin and col-
leagues [29] have demonstrated that significant
VA/Q mismatching and loss of protective hypoxic
vasoconstriction can occur while breathing at
rest. Thus, the resting alveolar-to-arterial oxygen
tension gradient was abnormally widened
(>15 mmHg) in most of a small sample of patients
with milder COPD who also had predominantly
low regional VA/Q ratios measured by multiple
inert gas elimination techniques [31].

The attendant abnormalities in arterial blood
gases, if sustained, stimulate integrated compen-
satory adaptations over time. Thus, activation of
neurohumoral, renal, and hemodynamic homeo-
static mechanisms, together with modulation of
the central respiratory controller, combine to pre-
serve critical arterial oxygenation and acid-base
status.

Preservation of arterial oxygenation during
exercise suggests that compensatory increases in
ventilation in the setting of a normal increase in
cardiac output ensure improved overall VA/Q
relations during exercise in mild-to-moderate
COPD [31]. Ultimately, in advanced COPD, the
compensations may fail and reduced alveolar
ventilation at a given CO, production leads to
CO, retention.

Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) is a
known independent prognostic marker of
COPD. Structural changes in COPD initiate
instability in pulmonary hemodynamics. Most
moderate-to-severe COPD patients develop some
degree of mild PAH (25-35 mmHg) over the
course of time, and rarely severe PAH
(>45 mmHg) [32]; however, it may be rare in
mild-moderate COPD.

Pathophysiological consequences of COPD
such as hypoxia, emphysema, hyperinflation,
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hypoxia-induced polycythemia, inflammation of
lung and systemic inflammation can induce pul-
monary capillary muscularization, plexiform
lesions, intimal-wall thickenings, endothelial
dysfunctions, and apoptosis which can poten-
tially generate enhanced pulmonary vascular
resistance which predisposes PAH [32]. Increased
intrathoracic pressures in emphysema induce
positive pressures on right ventricle which results
in increased pulmonary artery wedge pressure.
Left ventricular diastolic dysfunction associated
with cardiovascular morbidities in COPD can
also cause back pressure changes in pulmonary
vasculature and right ventricles.

Chronic severe pulmonary hypertension
increases right ventricular afterload and leads to
the clinical syndrome (cor pulmonale) of right
heart failure with systemic congestion and the
inability to adapt right ventricular output to
peripheral vascular demands. Pulmonary hyper-
tension severe enough to cause cor pulmonale
and right ventricular failure due to COPD typi-
cally occurs in individuals who have marked
decreases in FEV, (<25% of predicted) and
chronic hypoxemia (PaO, < 55 mmHg); however,
recent evidence suggests that some patients will
develop significant pulmonary hypertension
independent of COPD severity [33, 34]. A recent
prospective study with a large number of patients
with COPD who underwent right heart catheter-
ization during exercise found abnormal eleva-
tions in pulmonary artery pressures as a function
of cardiac output, even in those without resting
pulmonary hypertension [35].

Pathophysiology of COPD
Exacerbation

Acute exacerbation is one of the most common
complications in the evolution of COPD. These
episodes are characterized by worsening of pul-
monary gas exchange that results in severe
hypoxemia with or without hypercapnia irrespec-
tive of the precipitating factor [28]. Altered gas
exchange during exacerbation of COPD results
from the increased VA/Q mismatch together with
areduced oxygen content of mixed venous blood,

which is associated with greater consumption of
oxygen by the respiratory muscles.

Abnormality of ventilation during acute exac-
erbation of COPD was the result of greater nar-
rowing of the airways by inflammation of the
airway, bronchospasm, or hypersecretion of
mucus [20]. Pulmonary vasoconstriction due to
hypoxemia changed distribution of perfusion.
During exacerbations, the oxygen demands of the
respiratory muscles increase considerably due to
greater airway resistance and to the additional
efforts of inspiratory muscles to overcome
dynamic hyperinflation [31].

Minute ventilation did not decrease during
exacerbation. Instead, a slight increase was
shown when compared with stable conditions
[28]. This finding reinforces the concept that the
development of hypercapnia during exacerba-
tions of COPD is essentially due to increased
VA/Q mismatch rather than hypoventilation.

Another thing should be considered in exac-
erbation of COPD. Airflow limitation during
expiration is a pathophysiological hallmark of
COPD. In patients with exacerbated COPD, the
time available for lung emptying (expiratory
time) during spontaneous breathing is often
insufficient to allow end expiratory lung volume
to decline to its natural relaxation volume, which
leads to lung overinflation [36]. Thus, in those
patients, end expiratory lung volume becomes
dynamically rather than statically determined.
Dynamic hyperinflation refers to acute and vari-
able increase in end expiratory lung volume
above its baseline value. Dynamic hyperinflation
occurs during exercise in COPD patients as
inspired tidal volume increases and expiratory
time decreases, and is associated with severe
mechanical constraints on ventilation and per-
ceived respiratory discomfort. In this setting, the
reduction in inspiratory capacity (IC), which
reflects the increase in end expiratory lung vol-
ume, correlates strongly with the perception of
inspiratory difficulty. During COPD exacerba-
tions, airway resistance is abruptly increased
(due to bronchospasm, narrowing of the airways
by inflammation of the airway, or hypersecretion
of mucus) and this worsens airflow limitation
during expiration. Therefore, the time constant
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for lung emptying is prolonged and end expira-
tory lung volume is dynamically increased.
Furthermore, during an exacerbation, patients
tend to adopt a rapid shallow breathing pattern
which further limits the time available for lung
emptying, thus promoting dynamic hyperinfla-
tion in a vicious cycle. In fact, any acute increase
in ventilation can be associated with dynamic
hyperinflation in patients with COPD. There is
evidence that acute dynamic hyperinflation may
be life threatening and requiring mechanical
ventilation during severe exacerbations of
asthma or COPD [37].
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Diagnosis and Assessment

of COPD

Yong Bum Park

Introduction

A clinical diagnosis of COPD should be consid-
ered in patients over the age of 40 who present
with dyspnea, chronic cough or sputum produc-
tion, and a history exposure to risk factors for
the disease. Spirometry is fundamental to mak-
ing a diagnosis of COPD, and the presence of a
post-bronchodilator FEV,/FVC < 0.70 confirms
the presence of persistent airflow limitation.
COPD assessment is to determine the severity
of disease, including the severity of airflow lim-
itation, the impact on the patient’s health status,
and the future risk. COPD assessment is impor-
tant for therapy and prognosis. COPD often
coexists with comorbidities that may have sig-
nificant impact on mortality and prognosis. At
the initial assessment and follow-up visits
should include a discussion of symptoms, par-
ticularly any new or worsening symptoms and
physical examination.
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Diagnosis

A clinical diagnosis of COPD should be consid-
ered in patients over the age of 40 who present with
dyspnea, chronic cough or sputum production, and
a history exposure to risk factors for the disease.
Spirometry is fundamental to making a diagnosis
of COPD, and the presence of a post-bronchodilator
FEV /FVC < 0.70 confirms the presence of persis-
tent airflow limitation. The spirometric criteria for
airflow limitation remains a post-bronchodilator
fixed ratio of FEV ,/FVC < 0.70.

The use of the fixed FEV,/FVC ratio to define
airflow limitation is not perfect. Using this cutoff
may lead to an overdiagnosis of COPD in the
elderly [1], and an underdiagnosis in young adults
[2]. Because of these imperfections in the FEV,/
FVC ratio, there have been several alternate meth-
ods proposed to diagnose obstruction. One pro-
posal is to use the lower limit of normal (LLN) for
the cutoff of FEV,/FVC ratio. The LLN takes into
consideration the age, height, and gender for each
individual. This minimizes the age-related changes
in the FEV,/FVC ratio and may reduce the mis-
classification of airway obstruction [2]. However,
it also may be more difficult for primary care clini-
cians to perform and interpret. In addition, using
this cutoff may not improve clinical care.

It may be difficult for some patients to per-
form a forced exhalation maneuver for several
reasons, including poor mental status and cough-
ing. Another option is the FEV /FEV ratio. The
FEV,/FEV¢ ratio has been shown to be an
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acceptable surrogate for the FEV/FVC ratio [3].
It is also thought to be an easier test for patients
to perform than the FVC maneuver.
Unfortunately, a considerable number of sub-
jects had not been diagnosed [4, 5]. Frequently the
disease will not be diagnosed until it is quite pro-
gressed. Targeted screening of symptomatic
patients with risk factors for COPD results in better
diagnosis rates and more appropriate therapy [6].

Symptoms

The characteristic symptoms of COPD are chronic
and progressive dyspnea, cough, and sputum pro-
duction that can be variable from day to day and
from individual to individual. Chronic cough and
sputum production may precede the development
of airflow limitation by many years. Conversely,
significant airflow limitation may develop without
chronic cough and sputum production. In the
early stages, COPD may produce minimal or no
symptoms and as the disease progresses the symp-
toms in individual patients vary. Symptoms
should be assessed as objectively as possible by
using questionnaires such as the mMRC, CCQ,
and CAT. In general, dyspnea is the symptom
which causes them most concern. A person may
seek medical facility either because of chronic
symptoms or because of a first exacerbation.
Dyspnea is major cause of disability and anxi-
ety associated with the disease. Dyspnea is typi-
cally present only with exertion until late in the
course of the disease. Cough may be the present-
ing symptom and may be very troublesome and
can compromise quality of life significantly.
However, cough is frequently neglected by the
patient as an expected result of smoking or envi-
ronmental exposure. Initially, the cough may be
intermittent, but later is present every day. In some
cases, significant airflow limitation may develop
without the presence of a cough. Sputum is insidi-
ous in the majority of patients. Regular production
of sputum for 3 or more months in 2 consecutive
years (in the absence of any other conditions that
may explain it) is the epidemiological definition of
chronic bronchitis. Patients producing large vol-
umes of sputum may have underlying bronchiectasis.

The presence of purulent sputum reflects an
increase in inflammatory conditions, and its devel-
opment may identify the onset of bacterial exacer-
bation [7]. Wheezing and chest tightness are
nonspecific symptoms that may vary between
days. An absence of wheezing and chest tightness
does not exclude a diagnosis of COPD, nor does
the presence of these symptoms confirm a diagno-
sis of asthma. Fatigue, weight loss, and anorexia
are common problems in patients with severe and
very severe COPD. Ankle swelling can be a sign
of cor pulmonale. Symptoms of depression and/or
anxiety occur and are associated with increased
risk of exacerbations and poorer health status.

Medical History

A detailed medical history in a patient with
COPD should assess:

Exposure to risk | Smoking and occupational and

factors environmental exposures including
biomass fuel

Past medical Asthma, atopy, bronchial

history hyperresponsiveness; respiratory

infection in childhood

Other respiratory infections
including tuberculosis

Family history
of COPD

Symptom

COPD, asthma, alpha-1 antitrypsin
deficiency

Cough, sputum, dyspnea

Progressive, chronic

Typically develops in adult life

More frequent or prolonged “winter
colds”

Recent medical
history

History of exacerbations and
previous hospitalization for
respiratory disorder

Presence of Cardiovascular disease,

comorbidities osteoporosis, musculoskeletal
disorder, malignancy

Impact of Limitation of activity, missed work

disease on and economic impact, effect on

patient’s life family routines, feeling on
depression and anxiety, well-being

and sexual activity

Support for the
patient

Family, society, and daycare

Possibilities for
reducing risk
factors

Especially smoking cessation
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Physical Examination

Since the typical physical findings in COPD usu-
ally do not appear until the disease has become
severe, the absence of abnormal findings does not
rule out the possibility of COPD. When COPD
becomes severe, patients present more apparent
physical signs. These include the barrel shaped
chest, purse-lipped breathing, and debility.
Pulmonary hypertension may develop in patients
with COPD and may be worse during exercise. It
may be suspected with a loud pulmonary compo-
nent of the second heart sound and heart sounds
may be displaced to the midline due to
hyperinflation.

Introduction to Pulmonary Function
Testing

Pulmonary function testing has three basic com-
ponents: (1) spirometry, (2) lung volumes, and
(3) diffusing capacity of the lung for carbon mon-
oxide (DLCO). Each of these components can be
affected by COPD. The most important test is
spirometry. Measurement of lung volume and
diffusion capacity may be helpful, particularly
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whether airflow limitation is due to emphysema
or airway disease.

Spirometry

Spirometry is the most important test to diagnose
COPD. Peak expiratory flow measurement may
significantly underestimate the severity of the air-
flow limitation. Spirometry should measure the
volume of air forcibly exhaled from the point of
maximal inspiration (forced vital capacity, FVC)
and the volume of air exhaled during the first sec-
ond of this maneuver (forced expiratory volume
in one second, FEV),) and the ratio of these two
measurements (FEV,/FVC) should be calculated.
A reduction in FEV/FVC ratio is diagnostic of
airway obstruction. An FEV/FVC ratio of <0.70
after bronchodilator is typically considered diag-
nostic of COPD. The FEV ,/FVC ratio can estab-
lish a diagnosis of obstruction but is not useful to
monitor disease progression and severity of
COPD. Along with spirometry, a flow-volume
loop is also typically generated. A flow-volume
loop plots flow on the y-axis and volume on the
x-axis. A normal flow-volume loop has a charac-
teristic shape (Fig. 6.1a). In obstructive lung dis-
ease such as COPD, the expiratory limb takes on
a coved shape (Fig. 6.1b).
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Fig. 6.1 Flow-volume curve for healthy person (a) and patients with airflow obstruction (b)
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Lung Volumes

In addition to spirometry, lung volumes can also
be measured. Lung volumes consist of total lung
capacity (TLC), residual volume (RV), and func-
tional residual capacity (FRC). The TLC is the
volume of air contained in the lung after a full
inhalation. The RV is the volume of air left in the
lung after a full exhalation. The FRC is the vol-
ume of gas left in the lungs after a tidal breath.

The most commonly used method is the body
plethysmography. Emphysema destroys lung tis-
sue, leading to loss of elastic recoil. Loss of elas-
tic recoil allows the lungs to be stretched to
abnormally large volumes, resulting in an
increased TLC. RV and FRC can also be increased
in COPD when disease progression destroys the
elastic tethers. This leads to premature closing of
the airways, which causes abnormal amounts of
air to be trapped in the lung. In some patients,
there is also inflammation of the small airways,
which causes narrowing, further contributing to
air trapping and the increase in RV.

Air trapping can lead to hyperinflation. There is
both a static and dynamic component of hyperinfla-
tion. Static hyperinflation refers to the baseline level
of air trapping seen at rest. This is due to the loss of
elastic recoil properties of the lung and fixed airway
obstruction. Dynamic hyperinflation occurs during
exercise or times of rapid respiratory rate. In these
situations, the patient is unable to finish exhaling
before the next breath starts. With each breath, the
patient becomes progressively more hyperinflated.
This causes inefficient respiratory muscles function
and increases the work of breathing.

Diffusing Capacity of the Lung

for Carbon Monoxide

The diffusing capacity of the lung for carbon
monoxide (DLCO) is a measure of how easily
carbon monoxide (CO) molecules transfer from
the alveolar gas to the hemoglobin of the red cells
in the pulmonary circulation. To measure the

DLCO, the patient inhales a single breath contain-
ing a minute amount of CO and holds it for 10 s.
The breath is then exhaled and the exhaled breath
is analyzed for CO. The change in the concentra-
tion of the CO is then multiplied by the single
breath TLC to calculate the DLCO. Some patients
with severe COPD may have difficulty perform-
ing the breath hold required to measure DLCO.

The DLCO is decreased in proportion to the
severity of emphysema of the destruction of the
alveoli and the loss of capillary bed. It is also
reduced in other diseases that destroy the alveolar
capillary bed.

Assessment of the Disease

COPD is heterogeneous, so no single measure
can give an adequate assessment of the severity
of the disease in an individual patient. However,
severity assessment is important because it has
significances for therapy and relates to prognosis.
COPD assessment is to determine the severity of
disease, including the severity of airflow limita-
tion, the impact on the patient’s health status, and
the future risk (such as exacerbation, hospital
admission, or death).

Global initiative for chronic obstructive lung
disease (GOLD) [8] documents that COPD
assessment must consider the following aspects
of the disease separately to achieve these goals.

e Current levels of patient’s symptoms.
e Severity of spirometric abnormality.
e Exacerbation risk.

e Presence of comorbidity.

The Assessment of Symptoms
A simple measurement of dyspnea such as the

Modified British Medical Research Council
(mMRC) Questionnaire was considered adequate



6 Diagnosis and Assessment of COPD

69

for assessment of symptoms, as the mMRC
relates well to other measures of health status [9]
and predicts future mortality risk [10]. However,
it is now recognized that COPD has broad range
of effects on health status. For this reason, a com-
prehensive symptom assessment is recommended
rather than just a measure of dyspnea.

The most comprehensive disease-specific
health-related quality of life or health status ques-
tionnaires such as CRQ and SGRQ are too com-
plex to use in routine practice, but two shorter
comprehensive measures (COPD Assessment Test,
CAT and COPD Control Questionnaire, CCQ)
have been developed and are suitable. To find more
about symptomatic assessment tool, refer to the
next section (Symptomatic assessment of COPD).

Spirometric Assessment

The table shows the classification of airflow limi-
tation severity in COPD.

Classification of severity of airflow limitation in COPD
(post-bronchodilator FEV| in patients with FEV,/
FVC <0.70)

GOLD 1: Mild FEV, > 80% predicted
GOLD 2: 50% < FEV, < 80% predicted
Moderate

GOLD 3: Severe | 30% < FEV, < 50% predicted
GOLD 4: Very FEV, < 30% predicted

severe

Spirometry should be performed after the administra-
tion of a short-acting inhaled bronchodilator. However,
there is only a weak correlation between FEV,, symp-
toms, and patient’s health-related quality of life.

Assessment of Exacerbation Risk

An exacerbation of COPD is defined 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 medica-
tion [11-13]. The rate of exacerbations varies
between patients. Exacerbations of COPD are
important, since they have a serious negative
impact on health status, and are associated with
accelerated lung function decline and increased
mortality. Although exacerbations are considered
to become more frequent as the severity of the
underlying COPD increases, the most reliable pre-
dictor of exacerbation appears to be a history of
exacerbations.

Classification of exacerbations was assessed
according to Anthonisen et al. [14]. A type I exac-
erbation is defined by the presence of three major
symptoms (worsening dyspnea with increased
sputum volume and purulence), type II by the
presence of two major symptoms and type III
exacerbations as the presence of one major symp-
tom present on the worst day of an exacerbation.
Definitions of exacerbations vary between clini-
cal studies that evaluate drugs to prevent exacer-
bations. Recent clinical trials define moderate
exacerbations as those that require treatment with
systemic corticosteroids or antibiotics (or both)
and severe exacerbations as those that require
hospital admission.

Exacerbations of chronic pulmonary disease
tool (EXACT) was a single, standardized instru-
ment of collecting patient-reported outcome
(PRO) data, which helps to capture not only the
frequency of exacerbations but also the severity
and the time-course [15, 16].

Additional Investigations

Oximetry and Arterial Blood Gas
Measurement

Pulse oximetry should be used to assess all sta-
ble patients with FEV, < 35% predicted or with
clinical signs suggestive of respiratory failure or
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right heart failure. If peripheral saturation is
<92%, arterial blood gases should be assessed.
Arterial blood gases show mild or moderate
hypoxemia without hypercapnia in the early
stage of COPD. In the later stages of the dis-
ease, hypoxemia tends to become more severe
and may be accompanied by hypercapnia with
increased serum bicarbonate levels. Blood gas
abnormalities worsen during acute exacerba-
tions and may also worsen during exercise and
sleep.

Alpha-1 Antitrypsin Deficiency

Screening

Mutation in alpha-1 protease inhibitor represents
the only proven genetic abnormality that predis-
poses to COPD. The typical patient tends to pres-
ent at a younger age (<45 years) with lower lobe
emphysema. A serum concentration of alpha-1
antitrypsin below 15-20% of the normal value is
highly suggestive of homozygous alpha-1 anti-
trypsin deficiency.

Summary table of multidimensional index of COPD:

BODE
mBODE QO ®) ®) ®)
eBODE O O ©) ©)
BODEx (O ®) 0)
uBODE O @) @) O

ADO O O

CPI @) O @) ©)

SAFE @) O

DOSE O O

BODE: the body-mass index (B), the degree of airflow
obstruction (O) and dyspnea (D), and exercise capacity
(E), measured by the 6-min walk test

mBODE: modified BODE

eBODE: exacerbation + BODE

BODEX: the body-mass index (B), the degree of airflow
obstruction (O) and dyspnea (D), and severe exacerbation (Ex)
uBODE: updated BODE

Exercise Testing

Exercise tests are useful for evaluating exercise tol-
erance, identifying factors that limit exercise, and
assessing the effectiveness of pulmonary rehabilita-
tion. Exercise disability is a predictor of prognosis
and marker of health status. Both the paced shuttle
walk tests and the 6-min walk test can be used.
Cardiopulmonary exercise test using cycle or tread-
mill can identify coexisting or alternative conditions
such as cardiac diseases or neuromuscular diseases.

Composite Scores

Several variables including low FEV,, a low
functional exercise capacity, a high degree of
dyspnea, low body-mass index, and presence of
hypoxemia or hypercapnia are associated with an
increased risk for mortality. A relatively simple
approach to identifying disease severity using a
combination of most of the above variables has
been proposed. All these approaches need valida-
tion across a wide range of disease severities and
in different clinical settings to confirm that they
are suitable for routine clinical use.

Exercise . . .
O O O O

©)
©)
©)
©) ©) ©) ©)
©)
O ©)

ADO: age (A), dyspnea (D), and the degree airflow
obstruction (O)

CPI: COPD prognostic index

SAFE: SGRQ score, air-flow limitation and exercise
tolerance

DOSE: dyspnea (D), airflow obstruction (O), smoking status
(S), and exacerbation frequency (E)
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The Classification of COPD

The GOLD consensus report proposed a new
classification for COPD in 2011 to more compre-
hensively assess disease severity [17]. This new
classification system combined the symptoms in
addition to COPD exacerbation history and air-
flow limitation measured by FEV.

e Patient Group A—Low risk, Less symptoms
e Patient Group B—Low risk, More symptoms
e Patient Group C—High risk, Less symptoms
e Patient Group D—High risk, More symptoms

In GOLD Report 2017, it has been revised and
ABCD groups are derived from patients’ symp-
toms and their history of exacerbation. Spirometry
still has its role for diagnosis and prognostication
but out of classification criteria.
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Breathlessness

In Korea, a revised COPD guideline was
released in 2012 and updated in 2014 by the
Korean Academy of Tuberculosis and Respiratory
diseases [18]. The new Korean COPD guideline
also emphasized the combined assessment for
COPD patients. However, there were some dif-
ferences between the Korean guideline and
GOLD consensus report. The Korean guideline
classified the COPD patients into three groups.
The Korean guideline combined GOLD C, D
group into one group and used the spirometry

cutoff value for the high risk of exacerbation dif-
ferent from that of GOLD report. The Korean
COPD guideline stratified first on the basis of risk
of exacerbation with either FEV, (<60% or
>60%) or exacerbation history (0-1 vs. >2) or
history of hospitalization due to exacerbation (0
vs. >1) in the previous year resulting in low risk
or high risk group (group “da”). The low risk
group then stratified with mMRC or CAT like in
GOLD report resulting in low symptom (group
“ga”) or high symptom (group “na”) group.
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Korean COPD classification system

In Spanish COPD guideline, it was proposed
that four different phenotypes of prognostic and
therapeutic relevance characterized by the com-
bination of the classical types of emphysema,
chronic bronchitis, exacerbators, and patients
with overlap COPD-asthma be defined [19]. The

proposed phenotypes are: (A) infrequent exacer-
bators with either chronic bronchitis or emphy-
sema; (B) overlap COPD-asthma; (C) frequent
exacerbators with emphysema predominant; and
(D) frequent exacerbators with chronic bronchitis
predominant (Fig. 6.1).

Exacerbator
Phenotype
> 2 exacerbations/year

Exacerbator
Phenotype
with emphysema

Non-exacerbator
Phenotype
< 2 exacerbations/year

Non-exacerbator Phenotype

Exacerbator
Phenotype
with chronic
bronchitis Mixed
Phenotype

COPD-asthma

Emphysema
Phenotype

Chronic bronchitis
Phenotype

Clinical phenotypes proposed by GesEPOC

Differential Diagnosis

The most difficult clinical problem is to distin-
guish asthma from COPD. Spirometry and clinical
characteristics are the useful method. Improvement
in lung function and clinical course is the charac-
teristic feature of asthma. Improvement into the

normal range excludes a diagnosis of COPD. In
some patients with chronic asthma, a clear distinc-
tion from COPD is not possible using current
imaging and physiological examination, and it is
assumed that asthma and COPD coexist in these
patients. Other potential diagnoses are usually
easier to distinguish from COPD.
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COPD and its differential diagnoses
COPD

Onset in mid-life

Symptoms slowly progressive

History of smoking or exposure
to occupational and
environmental exposures
including biomass fuel

Asthma Onset early in life (often

childhood)
Symptoms vary widely from
day to day

Symptoms worse at night/early
morning

Allergy, rhinitis, and/or eczema
also present

Family history of asthma

Congestive heart
failure

Chest radiography shows
enlarged heart and pulmonary
edema

Pulmonary function test
indicated restrictive ventilatory
defect

Bronchiectasis Large volumes of purulent

sputum

Commonly associated with
bacterial infection

Chest radiography shows
bronchial dilatation and
bronchial wall thickening

Tuberculosis Onset all ages

Chest radiography shows lung
infiltration and/or cavity
formation

Microbiological confirmation

High prevalence of tuberculosis

Monitoring

Routine follow-up is essential in COPD.
However, there are no data to guide decisions on
how frequently patients should be reviewed but
clearly this will vary according to individual
circumstances and the severity of the patient’s
disease. Symptoms and objective measures of
airflow limitation should be monitored to
determine when to modify therapy and to iden-
tify complications that may develop. At the ini-
tial assessment and follow-up visits should

include a discussion of symptoms, particularly
any new or worsening symptoms and physical
examination.

Monitor Disease Progression
and Development of Complications

Some patients with COPD deteriorate faster than
others and it is important to identify these indi-
viduals who may need specialist referral and
investigation. Decline in lung function is best
tracked by spirometry performed at least once a
year or more frequently if indicated. Questionnaires
such as the CAT can be performed every 2 or
3 months; trends and changes are more valuable
than single measurements.

At each visit, ask about changes in symptoms
since the last visit, including cough and sputum,
breathlessness, fatigue, activity limitation, and
sleep disturbances.

At each visit, identify current smoking status
and offer smoking cessation advice. Encouraging
patients with COPD to stop smoking is one of the
most important components of their management.

Monitor Pharmacotherapy and Other
Medical Treatment

Adherence to the maintenance treatment, inhaler
technique, effectiveness of the current regimen,
and side effects of treatment should be
monitored.

Monitor Exacerbation History

The assessment of an exacerbation is based on
the patient’s medical history and clinical signs of
severity and some laboratory test, if available.
Assessthe frequency, severity, and possible
causes of any exacerbations. Unscheduled visits,
use of emergency care, and hospitalization are
important. Severity of exacerbation can be
estimated by the increased need for bronchodilator
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or corticosteroids and by the need for antibiotic
treatment. Hospitalizations should be docu-
mented, including duration of stay, and any use
of intensive care unit or mechanical ventilator
support.

Monitor Comorbidities

COPD often coexists with other disease that may
have a significant impact on prognosis.
Comorbidities are common at any severity of
COPD. The focus should be on identification and
management of these individual problems in line
with local treatment guidance.
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Symptomatic Assessment of COPD

Paul W. Jones

Introduction

This chapter is mainly about formal assessment
and quantification of symptoms, rather the ele-
ments of eliciting a clinical history, although the
latter can be informed by the scientific analysis
needed to create an instrument that can measure
symptoms. Whilst measurement has become a
fundamental part of medicine, it has come only
slowly into that most basic clinical assessment—
assessing symptoms and their impact on the
patient’s daily life and sense of well-being. The
latter statement may trigger the question— ‘“Why
should I measure symptoms, since I am already
trained to assess a patient from their history and
form a clinical judgement?’ There is a general set
of answers to this question that apply to any clini-
cal measurement: formal should remove observer
bias; numbers can be recorded more easily than
descriptions; formal assessment with a common
language can aid communication between health-
care professional (and between healthcare profes-
sional and patients); perhaps most importantly, it
allows a reliable record to be made of changes
over time, since formal numerical assessments
should be independent of whoever is making them.
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Another statement that is still sometimes
heard is: ‘I can measure lung function, so I don’t
need to measure symptoms’. That argument is
now difficult to sustain because there is a large
body of evidence to show that the FEV; is only
weakly correlated with other clinically important
outcomes such as breathlessness, exercise toler-
ance, exacerbations, and health status. This is
illustrated very well by data from the ECLIPSE
study [1]. Whilst there is a statistically significant
correlation between FEV, and these other out-
comes at a population level, these associations
are much too weak to be of value when assessing
individual patients (Fig. 7.1). For example, a
patient with moderate airflow limitation (e.g.
70% predicted) may have very good exercise
capacity, as measured by their 6-min walking dis-
tance (60MWD), and very good health status,
measured using the St George’s Respiratory
Questionnaire (SGRQ), but equally they could
have very poor 6 MWD and SGRQ score.

It goes without saying that a measurement is
only as good as the reliability of the instrument
used and the manner in which it is used.
Symptomatic assessment in pulmonary medicine
was first used in clinical studies, using well-
validated instruments that were too complex for
routine use, but these have provided a lot of
insight into the health status of patients with
COPD and factors that influence it, together with
its response to treatment and progression over
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time. Newer health status instruments are simpler
to use and can be used reliably in routine clinical
practice.

Breathlessness

It is appropriate to begin with breathlessness,
since this is a core symptom in COPD that leads
to impaired exercise capacity and poor quality of
life; it was also the first symptom to be measured
in a standardized way, through the Medical
Research Council (MRC) Dyspnoea Scale that
was developed 60 years ago. Confusingly when
modified by the American Thoracic Society for
use in the USA, the scaling range was changed

from 1-5 to 0—4. For that reason, it is important
to be clear which version is being used, the
modified version being abbreviated to mMRC.
Throughout the rest of this section, the generic
name MRC will be used. The original MRC
scale is shown in Fig. 7.2, and it will be seen
that it might be better described as a measure
of disability associated with breathlessness. It
is not a direct measure of breathlessness such
as the visual analogue scale (VAS) and Borg
scale.

The MRC scale was initially developed as an
epidemiological tool and was only fully validated
as a measure of COPD severity many years later
[2]. Studies showing that the MRC was a better
predictor of mortality than the FEV [3], led to its
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MRC dyspnoea scale

Grade 1: Breathless on strenuous exercise

Grade 2: Short of breath when hurrying

or walking up a slight hill

Grade 3: Walk slower than others

or stop when walking at own pace on level ground

Grade 4: Stop every 100 m

or after a few minutes

Grade 5: Too breathless to leave the house

or breathless on washing/dressing

Fig. 7.2 MRC dyspnoea scale

incorporation into the BODE prognostic instru-
ment [4]. The chief disadvantage of the MRC
scale is that the intervals between the different
grades are very large and, at an individual patient
level, few patients will improve with treatment by
one grade and fortunately few patients will dete-
riorate by one grade over months to years of
follow-up.

The relative insensitivity of the MRC led to
the development of the Baseline and Transition
Dyspnea Indices (BDI and TDI), like the MRC
scale they are indirect measures of breathlessness
since they link dyspnoea to activity [5].
Interestingly, the simple direct measures of
breathlessness, such as the VAS and Borg scales,
have not found application in routine pulmonary
medicine, outside the exercise laboratory, unlike
scales for pain which commonly use that type of
methodology. A more recent 12-item dyspnoea
scale (the Dyspnoea-12) was developed with
modern psychometric methods using descrip-
tions used by patients to describe their breath-
lessness [6]. It has been validated, but has not yet
found its way into routine clinical practice,
although it is short enough to be practical in that
setting.

Respiratory Symptoms

No standardized measures of respiratory symp-
toms have been developed for use in routine prac-
tice; in fact, until recently they hadn’t even been

developed for clinical trials. Now a daily diary
card has been created, which is now called the
Evaluating Respiratory Symptoms in COPD
(E-RS), although when first developed it was
known as the EXACT-RS [7]. It has 11 items that
provide a total score and three domains:
Breathlessness (five items); Cough and Sputum
(three items) and Chest Symptoms (three items).
The latter includes factors such as chest tight-
ness. The E-RS has been validated [8] and full
details are available from the website although
users will have to register to get full details
(http://www.exactproinitiative.com/instrument-
descriptions/). Whilst daily diaries are not practi-
cal for routine use, the finding that there are three
scientifically determined domains within stable
COPD symptoms provides useful confirmation
of established clinical experience. The E-RS has
recently been shown to be responsive to pharma-
cological treatment [9].

Exacerbations

It is appropriate to include exacerbations in a
chapter devoted to assessment of symptoms
because exacerbations are symptomatic events.
Furthermore, the patient’s history of exacerba-
tions appears to be the single best predictor of
future risk of exacerbations [10], so clinical
assessment and standardization are important.
Like respiratory symptoms, exacerbations
have only recently been subject to rigorous scien-
tific analysis [11] this supported the development
of the EXACT diary card [12] http://www.exact-
proinitiative.com/instrument-descriptions/. The
E-RS symptom diary, described above, was
developed from the 14-item EXACT, so it is per-
haps not surprising that it has the same three
domains: breathlessness, chest symptoms, and
cough and sputum. Until the development of the
EXACT, the consensus definition of an exacerba-
tion was: ‘a sustained worsening of the patient’s
condition, from the stable state and beyond nor-
mal variation, that is acute in onset’ [13]; later
‘and leads to a change in treatment’ was added
[14]. It will be noted that the ‘worsening’ and
‘day-to-day variation’ are not defined and neither
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is ‘sustained’ although the common definition in
clinical trials requires symptoms to have wors-
ened for 2-3 days. The criterion about change in
symptoms necessitating a change in treatment led
to the creation of a severity grading: mild (use of
extra routine medication such short-acting bron-
chodilator), moderate (use of systemic cortico-
steroid and/or antibiotics), severe (moderate plus
hospital admission or emergency room atten-
dance). Though very widely used, these severity
grades have never been validated. In contrast, the
EXACT has strict criteria for determining that
an acute change in symptom score is an
exacerbation.

Although it is a research tool, the development
of the EXACT has been important for routine
practice for two main reasons. First, it has empha-
sized that there are distinct symptomatic compo-
nents of an exacerbation, not just an increase in
cough with sputum production. Furthermore, the
contribution of each component to the patients
worsening may vary between exacerbations and
patients; indeed, an exacerbation may meet the
EXACT criteria for an exacerbation without the
patient having a worsening of cough and sputum.
A second and perhaps even more important con-
tribution of the EXACT has been to show that
patients experience frequent unreported exacer-
bations that appear to have similar short-term
(6 months) consequences as those that are
reported [15]. The reasons for the lack of report-
ing are ill-understood. Unreported exacerbations
may occur in patients who are a little less severe
than those patients who do report them, but a
more striking observation is that there are big dif-
ferences in reporting rates between countries that
may not be related to differences in severity. A
possible reason for under-reporting may be that
patients do not understand that worsening of
chest symptoms with a viral upper respiratory
tract infection is not a feature of a cold, but is in
fact a worsening of their chest condition. This
suggests that physicians should enquire specifi-
cally for symptoms of exacerbations (not just
cough and sputum), and a simple severity guide
would be to ask whether the worsening of chest
symptoms and breathlessness was sufficient to
disturb the patient’s daily routine.

Health Status—Complex
Questionnaires

COPD is a very complex disease and health sta-
tus questionnaires attempt to quantify its overall
impact on a patient’s daily life and well-being.
Health status scores provide a marker of a per-
son’s health-related quality of life (HRQoL), but
they should not be called HRQoL scores. The
distinction between health status and HRQoL is
important. HRQoL is a clinical outcome that is
unique to each person, since the factors that
determine his or her quality of life will differ,
depending on their personality and circum-
stances. For the same reason, illness will affect
HRQoL in a way that is unique to each person. It
is not possible to make standardized measure-
ments that allow comparisons between patients
and treatments because the components of the
scale will differ between patients. In contrast, a
health status questionnaire is standardized
marker of impaired HRQoL that is made up of
items that should be common (at least poten-
tially) to every patient; this means that they assess
each patient as if he/she was a ‘typical’ patient—
in the same way that % predicted FEV' treats
every patient as being typical of someone of the
same age, height, sex and race.

The first health status measure to be developed
was the Chronic Respiratory Questionnaire
(CRQ) [16]. It is widely used although largely in
the context of rehabilitation. It is too complex for
routine clinical use although it is often used to
monitor and evaluate rehabilitation programmes.
It has four domains and through these it drew
attention to two important aspects of COPD that
had been largely under-recognized; these are
fatigue and mastery, the latter being the patient’s
sense of being in control of their condition. One
of the challenges with questionnaires designed to
measure overall health status is the production of
a valid total score. Interestingly, the CRQ’s devel-
oper never approved the calculation of a total
score, but researchers often calculate one,
although its validity has never been established.

The SGRQ was developed and validated in
both asthma and COPD [17], but its use has
largely been confined to COPD, although recently
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it has been used successfully to assess the
response to treatment in patients with severe
asthma [18]. To address the problem of creating a
valid total score, each item has specific weight,
which means that its score is best calculated
using a computer. A revised and slightly shorter
40-item set was created and termed the SGRQ for
COPD (SGRQ-C) [19]. Manuals and over 60 lan-
guage versions are available for download (www.
healthstatus.sgul.ac.uk). A user-friendly scoring
system for both versions is now available for a
number of platforms (www.sgrq.github.io).

Health Status—Insights
from Research Studies

The SGRQ is too complex for routine use, but
much has been learnt from its application to
research studies that is applicable to routine care.
There is a large body of data from clinical trials
about a range of different treatments. For exam-
ple, a recent network meta-analysis has shown
quite large differences between different bron-
chodilators in SGRQ scores (and breathlessness
measured by the TDI) [20]. A significant contri-
bution has been the demonstration that SGRQ
scores may detect a worthwhile patient benefit in
the absence of large improvements in objective
physical measurements. For example, following
placement of endobronchial coils for severe
emphysema, the improvement in SGRQ was
twice the minimum clinically important differ-
ence (MCID), despite there being only small
improvements in FEV, and 6MWD [21]. The
ability of the SGRQ to quantify health status
improvements from the patient’s perspective has
now been recognized by the Food and Drugs
Administration (FDA) in the USA which has
qualified it for use as a co-primary outcome in
new drug registration trials.

At this point, it should be appreciated that
health status questionnaires are designed to be
‘treatment agnostic’—i.e. a change in score
should indicate the same health status benefit,
regardless of the therapeutic mechanism of
action. The large improvement seen in the study
of endobronchial coils, just described, reflects

similarly large improvements seen with lung vol-
ume reduction for emphysema [22], but it should
be appreciated that both of these treatments are
invasive and are only used for patients at the
severe end of the disease-spectrum. In the much
larger population of less severe COPD patients,
the benefits with inhaled therapy is smaller,
although modern once-daily long-acting bron-
chodilators appear to be more effective than older
twice-daily agents and show average improve-
ments that are at the level of the MCID [20]. In
contrast, pulmonary rehabilitation, which is a
treatment that is appropriate to all COPD patients,
produces an average improvement in SGRQ
score that is approximately 1.5 times the MCID
[23]. The benefits from these complementary
treatment modalities are likely to be additive, so
effective bronchodilation followed by rehabilita-
tion should, on average, lead to a patient achiev-
ing a good improvement in their HRQoL.

One of the interesting observations that has
come from pharmacological treatment trials in
COPD has come from the placebo arms of the tri-
als. These typically shows an improvement in
SGRQ score that is around half the MCID. This
‘clinical trial effect’ is not understood. It is not
immediate in onset; the patients slowly improve,
typically for up to 6 months, and the improvement
is maintained for 1 year (Fig. 7.3). The mecha-
nisms are not understood. One factor may be a
Hawthorne effect, in which the patient, their phy-
sician or both of them, change their behaviour
when a patient enters a trial. This could include
better compliance with concomitant therapy, life-
style changes and perhaps earlier intervention if
there were any worsening. There may be some-
thing in the doctor—patient relationship that also
improves the patient’s sense of well-being; per-
haps giving the patient greater confidence in man-
aging their condition, lessening the effect that it
has on their lives. One randomized trial of antide-
pressant therapy has shed a little light on this phe-
nomenon since it showed a bigger improvement in
patients who were seen regularly in the trial com-
pared to those who were seen only at the begin-
ning and the end [24]. Whatever the mechanism,
these observations suggest that patients do receive
benefit just from regular medical review.
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Apart from quantifying therapeutic benefit,
perhaps the most significant contribution of
health status measurement has been to provide a
better understanding of changes in the patients’
health over time. This has been seen and mea-
sured with both disease-specific questionnaires
and with generic physical and mental health, as
measured with the SF-36 [25]. At least two dis-
ease factors are known to be associated with
worsening health status: decline in FEV, [26] and
frequency of exacerbations [27]. Patients do not
deteriorate at the same rate and two cohort stud-
ies from Japan provide useful insights into the
relationship between worsening FEV, and wors-
ening health status. In one, there was no deterio-
ration in health status over the first 18 months,
but thereafter the SGRQ score deteriorated pro-
gressively, whilst the FEV, showed little consis-
tent directional change [28]. The initial period of
health status stability may be due, not only to the
impact of treatment when the patient joined the
clinic, but also due to the effect of keeping them
under review in the clinic (analogous to the clinical

trial effect described earlier). The second study
showed different patterns of worsening in patients
related to their change in FEV, over time. Patients
who were fast FEV, decliners showed the fastest
deterioration in SGRQ, exceeding the MCID
after 4 years; whereas slow decliners showed lit-
tle worsening [29]. Most interestingly, those
patients whose FEV, was maintained actually
showed an improvement in SGRQ that exceed
the MCID by 4 years. In the latter study and in
the TORCH clinical trial ([26] and Fig. 7.3),
there was a different pattern of disease progres-
sion across the domains of the SGRQ); the symp-
toms domain score showed a sustained
improvement regardless of change in FEV, (in
the cohort study) or treatment group (TORCH
trial), whereas there was a worsening in the
Activity and Impacts scores across treatment
groups in TORCH and, if the FEV, deteriorated,
in the cohort study. In the latter study, the Activity
component did not improve, even if FEV, did not
worsen, in fact there was a general trend for
Activity to worsen. These findings all point to
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heterogeneity of the pattern of health status wors-
ening, both in the degree and character of that
change. Finally, deterioration in SGRQ score
may be a predictor of worse health in the future
since an analysis of the ECLIPSE study suggests
that patients who deteriorate by more than the
MCID have a greater risk of hospitalization and
death 2 years later [30].

There is evidence that pharmacological treat-
ment can have an impact on worsening in health
status. The ISOLDE study showed that inhaled
corticosteroid (ICS) alone could alter the rate of
worsening of SGRQ and general health status
scores [25]. More recently, the TORCH study
(long-acting beta,-agonist (LAMA) plus ICS)
and UPLIFT (long-acting anti-muscarinic
(LAMA)) showed that maintenance treatment
can produce improvements in health status that
may be maintained for 3 years or more [26, 31].
The true size of the effect may have been under-
estimated in these trials because of differential
drop out of the sickest patients who had the worst
health status, an effect that was greatest in the
placebo arm [32].

Health Status—Shorter
Questionnaires

Whilst a great deal has been learnt from health
status measurement in clinical studies, the com-
plexity of the questionnaires prevented them
from being used in routine clinical practice, but
there are now two that are suitable for use in that
setting. The first to be developed was the Clinical
COPD Questionnaire (CCQ) [33]. It has ten
items, exists in daily and weekly versions, and is
available in 60 languages. A website gives more
details (http://www.ccq.nl). The 8-item COPD
Assessment Test (CAT) (Fig. 7.4) was developed
to facilitate communication between doctor and
patient, but with good measurement properties so
that it would be suitable for use in clinical trials
[34]. The website contains a user guide and
allows online completion and scoring in 64 lan-
guages (www.CATestonline.org). Mean CAT
scores appear to be very consistent across countries
(Fig. 7.5). The CAT has shown good correlations

with the established measures such as the CRQ
[35], SGRQ [36] and CCQ [37]. It has also been
proven to be a good predictor of exacerbations in
patients who were already at higher risk of exac-
erbations because of an exacerbation in the pre-
ceding year.

There are many publications about the CAT
that further tested its validity and responsiveness
to treatment, and these are detailed in two recent
systematic reviews [38, 39]. Data summarized in
these reviews suggest that it appears to be as
responsive to rehabilitation as the CRQ and
SGRQ, with a change in score, compared to usual
care, that is ~1.5 times the MCID (note: the indi-
vidual patient MCID for the CAT = 2 units [40]).
In terms of pharmacological treatment, the CAT
has been shown to be as sensitive as the SGRQ in
response to ICS/LAMA and LAMA/LABA treat-
ment [41]; the mean improvement with both
treatments was 2.2—2.4 units, i.e. well above the
MCID.

Symptomatic Assessment
in Routine Practice

There are perhaps three broad areas in COPD
management where formal assessment of symp-
toms has a place: baseline assessment, evaluating
the response to treatment and monitoring.

The simplest assessment of a COPD patient is
to ask about the severity of their disease; how-
ever, there is good evidence that this may lead to
an under-estimated of the true impact of the dis-
ease. For example, 36% of patients who said that
their disease was only mild or moderate also indi-
cated that they were MRC Grade 5, i.e. they were
breathless when washing and dressing or too
breathless to leave the house [42]. In 2011, the
Global Initiative for Chronic Obstructive
Pulmonary Disease (GOLD) revision of its
assessment scheme (www.goldcopd.org) recom-
mended, for the first time, a process based on
symptoms and risk of exacerbations. It suggested
use of either the mMRC or the CAT, recommend-
ing the maintenance treatment should be started
with a mMRC score > 2, or CAT > 10 for the
CAT. Unfortunately, it made an error in equating
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Fig.7.4 COPD
Assessment Test (CAT).

Available from www.
CATestonline.org
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these thresholds because subsequently it has been
shown that mMRC > 2 equates to CAT > 20 [43],
which is a ‘severe impact’ according to the CAT
handbook (www.CATestonline.org). In fact,
CAT > 10 corresponds approximately to mMRC
Grade 0 (breathless on strenuous exercise). More
recently, GOLD has emphasized the importance
of the CAT since it measures much more than just
breathlessness, in fact only 25% of the items in
the CAT are concerned with activity limitation.

The mMRC can be used if the CAT is not avail-
able, but with the caveat that the available evi-
dence suggests that the equivalent threshold is
mMRC 0, not >1. Confusingly, mMRC Grade 0
does not mean the absence of symptoms (which
would be zero on the original MRC scale), it is
breathlessness with strenuous exercise. In this,
we see an example in which some degree of
breathlessness is seen as being ‘normal’ in
COPD.
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The assessment of the response to treatment
requires special consideration. The limits of day-
to-day repeatability of most measurements in
COPD (including the FEV,) are wider than the
size of the MCID, so pairs of measurements
before and after treatment may give a misleading
indication of the size of change in an individual
patient. However, there is evidence that patients’
global ratings of treatment efficacy may, on aver-
age, provide a reliable measure of the overall
treatment effect. In a 16-week study of salme-
terol in COPD, a 4-unit change in SGRQ (the
MCID for the SGRQ) was associated with a
global estimate of ‘effective’ treatment and an
8-unit change was ‘very effective’ [44]. In con-
trast, a response that was ‘satisfactory’ was asso-
ciated with a change that was less than two units.
Thus, the patient’s global estimate of a treatment
effect has some scientific validity! Questionnaires
are not the right way to assess an individual’s
response to treatment, however, because each
patient may respond to treatment and notice ben-
efit in a different way. For example, a woman
may once again be able to play nine rounds of
golf, whilst a man may find that he can clean his
apartment without having to stop for breath. A
traditional clinical history-taking approach is
required to evaluate benefit. The method used by
this author illustrated in Fig. 7.6. It should be
emphasized that the most important component

A quick assessment of response to treatment
* Have you noticed a difference?

* What have you noticed, for example*
® Are you less breathless?
® Can you do more?
® Can you do things more easily or quickly?
® Can you sleep better?

¢ Tell me one thing that you have noticed is better

Fig. 7.6 A simple method of evaluating response to
symptomatic treatment in COPD patients

is that the patient should be able to specify one
activity or symptomatic aspect of their disease
that has noticeably improved. If they can’t do
that, it is reasonable to assume that they haven’t
had a worthwhile benefit.

Perhaps the most useful application of health
status questionnaires is in routine monitoring.
Since the CAT and the SGRQ are closely corre-
lated, a picture of the different patterns of change
in CAT score may be created from a number of
sources discussed earlier. These are illustrated in
Fig. 7.7. A combination of effective bronchodila-
tion and rehabilitation should produce a total
improvement of at least 3—4 units, which should
be maintained within a 2-unit range. On average,
the worsening should be <1 unit per year. A
cause should be sought if there is any worsening
beyond that range. For example: less adherence
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Fig. 7.7 A schematic of 24 -

changes in CAT score
that may be seen in an
individual with

Inhaler technique

worsened

COPD. The green 20 A |
shaded area shows the |
range of usual between CAT 18 A !
visit variations that score :
might be expected. If a 16 A I
worsening outside that :

I

range is seen, enquiries 14 1
should be made to : .
. . 12 Bronchodilator
identify a cause Baseline ! +
lassessment! rehabilitation
10 ——

Two unreported
exacerbations

1 4 8

to treatment, failure of inhaler technique, fre-
quent exacerbations (reported or unreported) and
rapid decline of lung function. Monitoring with
the CAT is much easier than spirometry which is
more time consuming and may be sensitive to a
wider range of disease factors.

Summary

Formal symptom assessment is now an estab-
lished place in COPD management. The intro-
duction of simple health status instruments such
as the CAT has made it possible to make reli-
able, routine and valid assessments of the over-
all impact of COPD on a patient’s health. They
do not replace clinical assessment or lung func-
tion, but add to the information available to the
clinician in deciding management of their
patient.
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Imaging of COPD
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Computed Tomography (CT)
CT Basic Physics

Computed tomography (CT) of the thorax is a
very quick and the most advanced imaging tech-
nique. CT scanner is designed to use a form of
gantry which allows rotation of the X-ray tube
and the detector around the patient during breath
hold. With the development of CT technology,
single breath-hold scanning of the thorax can be
achieved, and image reconstruction of sagittal
and coronal planes is also feasible with minimal
loss of spatial resolution. During the decades, the
fan beam of a CT scanner is broadened along the
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Z-axis and two-dimensional detectors are devel-
oped, acquisition of a number of slices per rota-
tion is possible. Recently developed multi-slice
and multi-detector CT allows cone beam CT and
volumetric imaging. After CT scan, the X-ray
attenuation, called tissue density, is expressed as
a Hounsfield Units (HU). The scale of HU values
range from —1000 HU (attenuation value of air)
to 3000 HU, and 0 HU corresponds to the attenu-
ation of water (Fig. 8.1). Generally, normal lung
has an attenuation value around —850 HU on
inspiratory CT because normal lung attenuation
reflects the mixed attenuation of intrapulmonary
air and lung parenchyma.

Radiation Dose of COPD CT

The radiation dose during CT scan is presented as
the gray or mGy unit, which is proportional to the
amount of energy that the irradiated body part is
expected to absorb. The Sievert (Sv) unit is used
in the report of the effective dose. Regarding
chest CT scan for evaluation of chronic obstruc-
tive pulmonary disease (COPD), acceptable low
dose screening and standard dose of CTs can be
performed at effective dose of approximately 2
and 7 mSyv, respectively [1].

CT Protocol

Optimization of CT protocol and quality control
of image acquisition are critical for assessment of
COPD [2, 3]. Ideally, single CT protocol using
dedicated single CT scanner and software system
based on exactly the same parameters of image
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Fig. 8.1 Hounsfield unit on CT images. The Hounsfield
unit (HU) is a quantitative value for describing attenuation
on CT images. Zero HU and —1000 HU are defined as
attenuation of distilled water and air at standard pressure
and temperature. CT images can be appropriately dis-

acquisition and reconstruction should be used.
Nevertheless, it is impossible in most cases, par-
ticularly for multicenter trials. There are several
important issues to be considered for the optimi-
zation of CT protocol which include kilovoltage
setting, tube currents, respiration level, image
thickness, reconstruction kernel, and so on
(Table 8.1). Generally speaking, the volumetric
CT acquisition obtained at maximal inspiration
with standardized breathing instruction is essen-
tial for accurate COPD assessment using
CT. Thin-section CT reconstructions (even or
less than 1 mm in thickness) are required for
proper characterization and quantification of
emphysema and airway change in COPD. It has
been known that CT estimates of emphysema
severity increase as section thickness decreases
and that higher frequency (edge-enhancing,
sharper) image reconstruction kernel results in
higher CT measurements of emphysema than
lower frequency resolution (smoothing) kernel
[4-6]. Low radiation dose CT scan allows the
visual evaluation of emphysema, however, which
trade off relatively high image noise, resulting in
overestimation of emphysema extent. Relatively
higher dose CT is also necessary for the accurate
measurement of airway dimensions. Recently,
further reduction of CT dose can be possible with
the use of novel technique of iterative reconstruc-
tion [7-9]. However, it is not recommended for
the quantitative assessment of COPD CT because
the influence of changing reconstruction method
has not been fully studied. Dose modulation tech-
nique to reduce radiation dose is not recom-

Bone

played according to target organs adjusting window width
and level. Window width describes the range of HU on CT
image and window level is the median HU of window
width. In the thorax, lung, mediastinum, and bone win-
dow setting are usually used

mended. Expiratory CT is gradually regarded as
an important part of COPD evaluation for the
presence and distribution of air trapping on visual
and quantitative assessment [10]. Expiratory CT
scan may be obtained at relatively low dose after
inspiratory CT acquisition. However, different
noise level between inspiratory and expiratory
CT is potential problem for the quantitative anal-
ysis. Expiratory scan can be obtained at the end
of a tidal expiration, which corresponds to func-
tional residual capacity, or after full expiration,
which is in residual volume status.

Diagnosis of Morphologic Change
in COPD

Emphysema: Definition of CT Finding,
Subtype, Pathologic Correlation

Pulmonary emphysema is defined as an abnormal
permanent enlargement of the airspaces distal to
the terminal bronchioles, which results in lower
CT attenuation values than those of normal
healthy lung areas. Although pulmonary function
test (PFT) is useful for clinical severity assess-
ment of COPD, it does not represent the type and
range of heterogeneous pathophysiologic abnor-
malities in COPD [11, 12]. In addition, it tends to
be relatively insensitive to both early stages and
small changes in COPD [13]. CT scan may be
ideal for the detection and characterization of
COPD in that it allows for an in vivo analysis of
morphologic characteristics and distribution of
emphysema. Visual assessment is also useful to
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Table 8.1 General principle of CT protocol for COPD evaluation

Inspiratory CT

Expiratory CT (optional)

Scan type, mode Spiral (volumetric)

Spiral (volumetric)

Rotation time (s)

As short as possible, usually no greater

As short as possible, usually no greater

than 0.5 s than 0.5 s

Detector configuration More than 16 channels x submillimeter More than 16 channels x submillimeter
collimation collimation

Pitch Usually smaller than 1.0 Usually smaller than 1.0

kVp 120 120

mA 40 mAs (low dose) up to 200 mAs 40 mAs (low dose) up to 200 mAs

(moderate dose)

(moderate dose)

Dose modulation Not recommended

Not recommended

Reconstruction I for visual assessment

Algorithm

Sharp or high-frequency kernel

Sharp or high-frequency kernel

Thickness (mm)

Submillimeter (0.5-0.75 mm)

Submillimeter (0.5-0.75 mm)

Interval (mm) 0.5 0.5

DFOV (cm) To cover the whole lung To cover the whole lung
Reconstruction 1l for QCT

Algorithm Neutral, smooth kernel Neutral, smooth kernel

Thickness (mm)

Submillimeter (0.5-0.75 mm)

Submillimeter (0.5-0.75 mm)

Interval (mm) 0.5

0.5

DFOV (cm) To cover the whole lung

To cover the whole lung

subtype the emphysema into centrilobular,
panlobular, and paraseptal types. Centrilobular
emphysema is the most common morphologic
subtype of pulmonary emphysema. Pathologically,
it begins near the center of the secondary pulmo-
nary lobule (the most fundamental structural
component of the lung containing parenchyma,
airways, lymphatics, and vasculature) in the
region of the proximal respiratory bronchiole.
Parenchymal destruction starts in the center of
secondary pulmonary lobule results in the char-
acteristic apposition of normal and emphysema-
tous lung (area of low attenuated destruction
surrounded by normal tissue). On CT, small
round low attenuated holes are evenly distributed
with ill-defined borders in early stage and these
low attenuated areas become confluent and insep-
arable with paucity of pulmonary vascularity in
late stage (Fig. 8.2). Panlobular emphysema is
characterized by permanent destruction of the
entire acinus distal to the respiratory bronchiole,
and its pathogenesis relates to alpha-1 antitrypsin
deficiency. Parenchymal destruction involving
entire acinus, which is contrast to centrilobular
subtype, affects the lower lobes more severely

(Fig. 8.2). Paraseptal emphysema tends to be lim-
ited in extent and occurs most commonly along
the subpleural portion of the upper lung, often
coexisting with other types of emphysema and
fibrosis. Small focal lucencies, up to 10 mm in
size, can be seen on CT (Fig. 8.2). Bullae or
blebs, termed interchangeably, are focal regions
of emphysema with no discernible wall, usually
more than 1 cm in diameter at subpleural loca-
tion. In some cases, they can be very large and
may result in pneumothorax in COPD patients
(Fig. 8.3).

Airway Change: Bronchus, Trachea

Bronchial wall thickening, bronchial luminal
irregularity, and bronchiectasis are commonly
seen in patients with COPD with mixed findings
of emphysema. Bronchial wall thickening is
regarded as a sign of chronic bronchitis, easily
identified in heavy cigarette  smokers.
Pathophysiologically, irreversible and progres-
sive histologic changes in airways show diffuse
hyperplasia of mucous glands associated with
hypersecretion and bronchial wall thickening.
Traditionally, bronchial wall is regarded to be
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Fig.8.2 Emphysema subtypes on CT images. (a) Normal pleura and septal lines. (d) Panlobular emphysema.
lung parenchyma. (b) Centrilobular emphysema. Scattered ~ Secondary pulmonary lobules area completely replaced
small focal lucencies (parenchymal destruction) in upper ~ with emphysema with showing uniform and relatively
lobes, measuring more or less than 1 cm in diameter. (¢) homogeneous lucencies across parts of the secondary pul-
Paraseptal emphysema. Small focal lucencies, up to 1 cm  monary lobules

in diameter, are located in subpleural ar8ea adjacent to the

Fig. 8.3 Large bullae and pneumothorax in a COPD large subpleural bullae with collapsed central lung. (b)

patients. A 71-year-old male with COPD complaint of Left pneumothorax was noted with collapsed lung and
sudden dyspnea. (a) CT image at 3 month ago showed large bullae
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thick if the diameter ratio of inner to outer lumen
of bronchus is greater than 0.8. Nevertheless, the
diagnosis of bronchial wall thickening of COPD
with naked eyes on CT is subjective and still lim-
ited (Fig. 8.4). Moreover, it is virtually impossi-
ble to differentiate bronchial wall thickening of
COPD from acute bronchitis or asthma.
Bronchiectasis can be accompanied in COPD
patients and may represent severe airflow obstruc-
tion [14, 15]. Trachea and main bronchus abnor-
malities can be visually defined on CT in COPD
patients. Tracheobronchomalacia, saber-sheath
deformity of trachea, and outpouching of trachea
and main bronchus can be seen in advanced
COPD (Fig. 8.5). Tracheobronchomalacia is tra-
ditionally defined as a more than 50% collapse of
the trachea and main bronchus at end-expiratory
CT. Saber-sheath deformity is seen as coronal
narrowing and sagittal widening of the intratho-
racic tracheal diameter. Tracheal outpouching is
defined as a focal herniation of mucosa through
the tracheal wall.

Air Trapping

It has been understood that small airway airflow
resistance is the major site of obstruction in
patients with COPD and precede the onset of
emphysematous destruction in both centrilobu-
lar and paraseptal emphysema phenotypes of
COPD [16]. Therefore, early detection and

-
¢

Fig.8.4 Airway changes in COPD. (a) Example of bron-
chial wall thickening. Typical and severe thickening of
wall of entire segmental bronchi in both lower lobes is
noted. The diameter ratio of inner to outer lumen is
smaller than 0.8. (b) Example of bronchiectasis. Marked

diagnosis of small airway disease in COPD is
fundamental for early diagnosis of COPD. The
small airways are referred to as airway lumen
less than 2 mm, which cannot be visualized
directly using even recently developed CT scan-
ners. Thus, the finding of air or gas trapping,
which appears to decrease lung attenuation on
expiratory CT, can be used as indirect sign of
small airway dysfunction in COPD because this
finding is thought to be caused by early collapse
of small airway on expiration. Expiratory CT is
increasingly regarded as an essential tool for the
evaluation of air trapping as an obstructive pat-
tern of small airway disease in COPD patients.
In many cases, especially in emphysema domi-
nant COPD patients, the detection of small air-
way dysfunction may be hampered by the
presence of emphysema because the lung den-
sity of emphysema area on expiration CT can be
low without small airway dysfunction. In such
situation, side-by-side comparison of inspira-
tory and expiratory CT images is necessary to
detect lack of normal increase of lung attenua-
tion and decrease of lung volume on expiration
(Fig. 8.6).

Others: Chest Wall, Diaphragm, Heart,
Pulmonary Vessel, and Bone

Morphologic changes secondary to pulmonary
hyperinflation in COPD include chest wall

e

—

dilatation of bronchial lumen in both lower lungs is noted.
The inner luminal diameter of bronchus is greater than the
diameter of the accompanying pulmonary artery. There
are also loss of normal tapering with bronchial wall
thickening
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Fig. 8.5 Tracheobronchomalacia. Tracheobronchomalacia
is defined as abnormal collapse of airway lumen on expira-
tion. This abnormal finding can be seen in COPD patients.
CT images on inspiration (a) and expiration (b) demon-

deformity, diaphragmatic change, changes in the
heart, and pulmonary vasculatures. Barrel chest
deformity is the well-known chest wall deformity
of COPD and depression of diaphragm indicates
the flattening of the domes of the diaphragm due
to hyperinflation of the lung in COPD (Fig. 8.7).
As the progression of COPD, the heart tends to
be more vertically oriented due to hyperinflation
of the lung. In later stage, right ventricular and
atrial dilatation, dilatation of central pulmonary
arteries, and acute tapering of distal pulmonary
vessels can be seen as a finding of pulmonary
hypertension. Osteoporosis is also one of the sys-
temic effects associated with COPD attributed by
inactivity, COPD-related systemic inflammation,
the use of systemic corticosteroids, and vitamin D
deficiency. Bone fracture related to osteoporosis,

strate severe lumen narrowing of the trachea on expiration
(b) and CT images on inspiration (¢) and expiration (d) also
depicted severe lumen narrowing of both bronchi (d). In
addition, severe air trapping is seen in both lower lobes

in turn, may also reduce pulmonary function or
even cause COPD exacerbations [17].

Severity Assessment of COPD

Extent of Emphysema: Visual

Assessment

Visual assessment of COPD is relatively simple,
cheap, and independent from variation of CT
machine  or  reconstruction  algorithms.
Furthermore, comprehensive visual emphysema
assessment of CT in COPD allows assessment of
the pattern, subtype, regional location, and degree
of emphysema. It also has an advantage for
detecting lots of accompanying pathologic
changes in the parenchyma as well as in the small
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Fig. 8.6 Air trapping assessment using inspiration- and
expiration CT images. Air trapping should be assessed by
side-by-side comparison of inspiration (a, b) and expira-
tion (¢, d) CT images. Expiratory air trapping can be

and large airways. Visual assessment allows for
the detection of early emphysema in asymptom-
atic smokers even before the development of air-
flow limitation, which is essential for the
diagnosis of COPD. It is also useful to follow the
progression of emphysema over time. For the
optimal evaluation of emphysema with CT
images in COPD patients, thin-section, high-
resolution CT images should be used at recom-
mended window settings (usually with a window
level of —700 and window width of 1000-1500).
On visual assessment, emphysema is classified as
centrilobular, panlobular, and paraspetal emphy-
sema (Fig. 8.2). The extent of emphysema has
been assessed by using visual scoring system
[18]. Typically, the extent of emphysema in each
lobe can be assessed by using a six-point scale

—atl

defined as areas showing lack of normal increase of lung
attenuation and decrease of lung volume on expiration
image (c, d). The areas of air trapping are marked in
arrows

system: 0, 1-5%, 6-25%, 26—-50%, 51-75%, and
greater than 75% [19]. However, main limitation
of visual assessment has been the relatively low
inter-reader agreement [20, 21]. The inter-reader
agreement was moderate for the presence or
absence of emphysema and for the presence of
panlobular emphysema; fair for the presence of
centrilobular and paraseptal subtypes [22]. In an
effort to improve the inter-reader agreement,
usage of standardized reference images has been
attempted with promising results [19].

Extent of Emphysema: Computer-

Based Quantification

For the objective and reproducible assessment of
emphysema, computer-based quantification
method, the so-called quantitative CT (QCT), has
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Fig.8.7 Morphologic change of the diaphragm in COPD
patients. Compared with CT images in a normal individ-
ual (a, b), coronal CT images (¢, d) in a 74-year-old male

been introduced. As briefly explained in “CT
Basic Physics” section, emphysema area on CT
with relatively increased air fraction in inspira-
tion lung is shown as area of decreased CT atten-
uation approaching air attenuation of —1000 HU,
compared with normal lung CT attenuation
around —850 HU [23]. Accordingly, if a certain
threshold value is applied, the area of emphy-
sema with decreased CT attenuation can be
objectively divided from normal lung area. This

with COPD shows depressed and flattened shape of the
diaphragm. This change is due to hyperinflation of the
lung in COPD

method is called as “density mask” and the
threshold of —910 HU was initially applied [24].
Recent studies using thin-section, multi-detector
CT scanners showed that the highest correlation
between QCT and histology is found when the
threshold set at —960 or —970 HU [25]. However,
the lower the thresholds, the more sensitive the
image noise; therefore, the threshold of —950 HU
is now most commonly used. When the correc-
tion for lung volume changes influenced by
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degree of inspiration is applied, this quantitative
method for emphysema is near perfectly repro-
ducible method. The term of percent of emphy-
sema (emphysema index, EI or LAA _g5) stands
for the relative area of lung less than —950 HU
(Figs. 8.8 and 8.9). Another method is using the
nth cutoff percentile in the attenuation distribu-
tion curve using the CT attenuation at a certain
percentile along the frequency histogram of pul-
monary parenchymal attenuation (density value
in HU under which n% of frequency histogram)
(Fig. 8.8). This value is called as “percentile
index,” and it is reported that it has an advantage
on longitudinal evaluation and less sensitive to
lung volume changes [26-28]. The first percen-
tile value is much optimal for correlation with
histology; however, it is known to be sensitive to
an artifact from image noise and truncation
effect. Instead, the 15th percentile threshold is
commonly used [28, 29]. The last method is to
assess the mean of the whole lung attenuation
(mean lung density, MLD). Regional heterogene-
ity of emphysema can be assessed quantitatively
to assess the regional distribution of emphysema.
Most available QCT methods can divide each
lung into upper, mid, and lower zones of equal
height or volume, and ratios between the extent
of emphysema in upper and lower lung can be
computed. Newer methods can also permit seg-
mentation of lobes to compute lobar volumes and
extent of emphysema objectively (Fig. 8.9).

Comparison Between Visual

Assessment and CT Quantification

In the assessment of emphysema in COPD
patients, although QCT measures correlate with
the severity of visual CT assessment, the level of
correlation is only moderate [22]. Especially in
less severe categories of emphysema, visual
assessment by radiologists tends to be usually
underestimated for the extent of emphysema
when compared to QCT measures, while in those
with more severe emphysema, the radiologists
tend to relatively overestimate the emphysema
extent [30]. Therefore, visual assessment and
QCT measures should be used complementarily
and performed independently for the assessments
of severity of emphysema.

Correlation Between the Extent

of Emphysema and Clinical Parameters
Visual, subjective assessment of the emphysema
using contiguous 10-mm thick CT started in 1986,
there were significant correlations between CT
visual scores and macroscopic emphysema.
However, even with the development of high-
resolution CT, visual grading assessment is not
really a quantitative measure but just grading the
degree of emphysema according to categories of
emphysema severity. Recently, using pulmonary
lobe-by-lobe visual assessment, severity of
emphysema correlates quite well with physiologic
parameters (FEV, and FEV//FVC) and GOLD
stage [19]. The correlation coefficient ranges
between 0.67 (for GOLD stage) and —0.74 (for
FEV,/FVC) and notably the range of correlation
coefficients are similar to the correlations between
extent of emphysema on QCT and each physio-
logic parameter (0.62 for GOLD stage and —0.70
for FEV,/FVC). However, inter-reader agreement
regarding severity of emphysema on visual assess-
ment tends to be variable, so QCT is preferred for
assessing disease severity of emphysema.
Moreover, QCT measurements have shown to
correlate better than visual CT assessment with
macroscopic measurement of emphysema [21].

Regional Heterogeneity of Emphysema

Severity and distribution of emphysema differs in
lung regions such as core (inner) vs. rind (outer),
upper vs. lower, even among each lobe (Fig. 8.10).
There have been several reports regarding
regional variation of emphysema. Basal distribu-
tion of emphysema is associated with greater
impairment of FEV, but less impairment of gas
exchange (PaO,) and alveolar-arterial oxygen
gradient than the apical distribution of emphy-
sema [31]. Emphysema areas on CT are more
often found in the inner segment of the lung than
in the outer segment and the extent of emphy-
sema in inner segment of the lower lung in QCT
is much more clearly correlated with airflow
limitation than those in outer segment [32].
In another report applying the slope of the EI
in the upper-lower, anterior-posterior, and
central-peripheral direction in both side lung,
the heterogeneity of emphysema distribution in
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Fig. 8.8 Quantitative CT measurements of emphysema
regarding LLA%, percentile index, and mean lung density
(MLD). The concept of QCT measurement is illustrated in
Fig. (a). Frequency distribution curves are plotted accord-
ing to the apparent X-ray attenuation values. The thresh-
old of —400 HU is to define lung area. Threshold (LAA
%) technique uses a predefined threshold of HU (i.e.,
—-950 HU) is chosen and the percentage of lung less than
this value can be calculated. Contrary to this, the percen-

Attenuation (HU)

tile index method uses a certain percentile point (i.e., low-
est 15th percentile) and the HU value for that percentile is
calculated. The last index is the mean of lung density
(MLD). Left side shift of frequency curve in patient with
emphysema is demonstrated in Fig. (b). As a result of the
shift, LAA % increases and percentile index decreases in
patients with emphysema. The area of emphysema can be
overlaid on the CT images to highlight the emphysema
lesion (c, d)
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Fig.8.8 (continued)

LAA AMALYSIS

Fig.8.9 Lobar-specific quantification of emphysema. Example of software providing automatic segmentation of lobes
and quantitative assessment of extent of emphysema at the whole lung and lobar level

anterior-posterior and upper-lower direction was
independent determinants of FEV, and FEV//
FVC and the lower and posterior regional domi-
nant emphysema is associated with a decrease in
FEV, and FEV/FVC [33]. Regional assessment
using QCT helps in selecting candidates for lung
volume reduction surgery (LVRS) and provides
rationale for the mechanisms of improvement
after LVRS (Fig. 8.11). The extent of emphysema
of the upper-rind region of the lungs is a signifi-

cant predictor for improvement of pulmonary
function after LVRS [34].

Airway Change: Visual Assessment

Although visual assessment of large airways is a
subjective process, the presence of airway wall
thickening or dilation of large airways can repre-
sent bronchial inflammation with remodeling, and
it also contributes to the symptomatic exacerba-
tion in COPD patients. Bronchial wall thickening
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1
l

Fig.8.10 Regional heterogeneity. CT images with color
mapping (a, b) show different predominance of emphy-
sema in two patients with similar emphysema index

is commonly found in heavy cigarette smokers
with a sign of chronic bronchitis (Fig. 8.4).
Bronchiectasis is also a common finding in COPD
associated with severe airflow obstruction and risk
for COPD exacerbation [14, 15, 35].

Airway Change: Computer-Based
Quantification

With the current development of available soft-
ware permitting multiplanar reconstruction of

(17.56 and 23.27%). This regional heterogeneity can also
be quantified by emphysema on each lobes (c)

airways from thin-section volumetric datasets,
CT scan seems to be well positioned to become
the method of choice to noninvasively measuring
airway wall dimensions of luminal diameter and
wall thickness to the level of segmental and sub-
segmental airways. The simple analysis of “full-
width at half maximum” algorithm is commonly
used to evaluate the airways including absolute
measures (bronchial luminal diameter or area,
bronchial wall thickness or area, and total
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Fig.8.11 Effect of lung volume reduction procedure. (a)
CT image in a 6l-year-old male showed severe and
regional heterogeneity of emphysema. Endobronchial L
was performed to collapse the RUL which was most

bronchial area) and relative measures (bronchial
wall area %, WA%: 100 x (wall area)/
(lumen + wall area)) (Fig. 8.12). Variable soft-
ware algorithms to define the boundaries of air-
way wall have been proposed and tested. Another
commonly used measure is the square root of
wall area of a hypothetical bronchus having inter-
nal perimeter of 10 mm (Pil10) [36].

Correlation Between Airway Measures
and Clinical Parameters

Many studies showed that patients with the great-
est WA % had the lowest FEV, expressed as a per-
cent predicted [37]. The WA% has been
considered as the most commonly employed
metric for clinical investigation, and there are
modest correlations between airway WA% and
lung physiologic impairment [10, 38]. Moreover,
central airway remodeling apparent on CT may
reflect the distal histopathologic remodeling of
the small airways, so the greater the central
airway wall thickening, the more small the

N

severely affected by emphysema. (b) After the procedure,
RUL was near totally collapsed on CT and pulmonary
function of this patient much improved (FEVI,
0.46 L —> 0.82; mMRC, Gr4 —> 1)

airway disease [39]. Moderate correlations
(—0.56 < r < —0.62) between airway wall mea-
surements and airflow obstruction (FEV, and
FEV,% predicted) have been reported and stron-
ger correlations were noted when only small air-
ways were analyzed [40]. In recent report,
bronchial wall thickening as well as severity of
emphysema measured on QCT is associated with
exacerbation frequency, independently; bron-
chial predominant and emphysema predominant
subtypes of COPD can be defined [41].

Other Large Airway Changes in COPD

Among the large airway changes in COPD,
Saber-sheath trachea is not an uncommon finding
in COPD (Fig. 8.5). It defines as the ratio of the
sagittal to coronal diameter is greater than 2 and
the extra-thoracic portion of the trachea is not
narrowed. By comparison with normal healthy
persons, COPD patients show that this tracheal
morphologic change of the elongation of the sag-
ittal diameter correlated with the severity of
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Fig.8.12 Quantification of airway wall thickening using
computerized method principle for full-width-at-half-
maximum (FWHM) method. In the attenuation profile
along an outward flowing ray from the luminal center-
point through the airway wall, the inner and outer airway
wall boundaries are assumed halfway to the maximum on
the lumen side and halfway to the minimum on the paren-
chymal side, respectively. (a) After the detection of

emphysema and QCT indices, reflecting airflow
limitation and air trapping [42]. Furthermore,
expiratory tracheal collapse in obese COPD
patients shows greater quality of life impairment
and worse exercise performance than expected
based on functional measures [43].

Small Airway Disease: Visual

Assessment

The small airways are referred to as airway lumen
less than 2 mm, those cannot be visualized using
current CT scanners. The presence of air trapping
on expiratory CT scan can be identified as an

boundaries, the airway wall area can be highlighted with
color overlay (b). This method is called as full-width-at-
half-maximum method and is most common method to
quantify wall thickness. The airway dimensions of the
whole airway trees can be assessed using automatic air-
way segmentation, centerline extraction, followed by air-
way quantification (c¢)

indirect sign to evaluate small airway remodel-
ing. However, accurate discrimination between
emphysematous area and air trapping area is dif-
ficult and challenging, and even normal healthy
person can show minimal air tapping area in both
basal lobes. Recently, there have been introduced
several methods to evaluate the degree of patho-
logic air trapping in COPD patients using QCT.

Small Airway Disease: Computer-Based
Quantification

With the usage of expiratory CT images, quanti-
tative assessment of air trapping is possible.
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However, there are severe inborn limitations
when only expiratory CT is used because it is
impossible to separate trapped air area from air
remaining in emphysematous spaces. Moreover,
air trapping phenomenon can also be seen in
healthy smokers and healthy individuals with
normal lung physiology. However, even with
these drawbacks, many studies have evaluated
the presence of air trapping in COPD by assess-
ing the area fraction of the lung lesion having CT
values lower than the threshold of —856 or
=850 HU (LAA 556 or LAA550) in expiration
[44]. With this simple method, they reported that
high correlations were noted between LAA 50
and FEV /FVC and FEV, percent predicted. As
an effort to overcome this single threshold
method of combining air trapping and emphy-
sema quantification into single measure, quanti-
fying air trapping outside the emphysematous
area is possible through the density-based quanti-
fication method [45, 46]. With excluding emphy-
sema portion of all voxels with attenuation lower
than —950 HU from inspiration and expiration
scans and calculating the relative volumes for
whole lung with attenuation value less than
—860 HU on each inspiratory CT (inspiratory
relative volume. _gq 1) and expiratory CT (expi-
ratory relative volume. _gq nu), the relative vol-
ume change between —860 and —950 HU can be
calculated as follows: Relative volume change .
_ssonu (%) = expiratory relative volume . _ggo yy—
inspiratory relative volume. _ggo yy. Results from
this method show that air trapping correlates with
lung physiologic parameters significantly
(r =0.50-0.80). Other methods for measuring air
trapping have been addressed as an index of air
trapping including the ratio of inspiratory to expi-
ratory lung volume (E/I-ratio;y) and the expira-
tory to inspiratory ratio of mean lung density
(E/T-ratioygp) [47, 48]. E/l-ratioyp correlates
with clinical parameters of COPD such as BODE-
index (0.48 < r < 0.68) and E/I-ratio;y shows
almost perfect correlation with E/I-ratioyp
(r=0.95, p < 0.001). All of these values have a
limitation that it can’t represent regional distribu-
tion of air trapping. Recently, new approach of
air trapping assessment has been proposed [49,
50]. By using software techniques, anatomical

correspondence of lung region between inspira-
tion and expiration CT images can be assessed
and both images can be co-registered. By direct
assessment of density difference between inspi-
ration and expiration CT, the density change map
can be generated and the areas with decreased
density change can be defined as the area of air
trapping. By using this method, in addition to the
global assessment, regional assessment of air
trapping is possible (Fig. 8.13) [49, 50].

Other Components of COPD:
Correlation with Clinical Parameters

Texture-Based Emphysema Assessment

With an effort to discriminate various obstructive
lung diseases from normal lung, more sophisti-
cated automatic classification system based on
the texture and shape features of CT images has
been introduced. Using this method, further dif-
ferentiation of lung areas, for example, into nor-
mal lung, small airway disease, centrilobular
emphysema and panlobular emphysema, is pos-
sible. This quantification method showed compa-
rable correlation with the pulmonary function
test results when compared with conventional
density-based quantification [51, 52]. This
method can also be used for the assessment of
combined pulmonary fibrosis.

Pulmonary Vascular Change

Pulmonary vascular change is also one of the
characteristic features of COPD and the extent of
emphysema, rather than airway obstruction, is
responsible for pulmonary endothelial dysfunc-
tion in COPD [53]. After volumetric CT scans of
the lung, pulmonary vasculature was automati-
cally segmented from the parenchyma using soft-
ware [54, 55] (Fig. 8.14). With the usage of QCT
measuring the cross sectional area (CSA) of
small pulmonary vessels (sub-subsegmental
level, CSA less than 5 mm?), the total CSA of
small pulmonary vessels in COPD shows strong
(negative) correlation with the extent of emphy-
sema (%LAA_os), whereas weak correlation
with airflow obstruction [56]. The anatomic
extent of emphysema instead of airway obstruc-
tion is responsible for impairment of pulmonary
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Fig. 8.13 Subtraction image from co-registered inspira-
tory and expiratory images. Image maps (¢, d) derived
from co-registered inspiratory (a) and expiratory (b)
images depict changes in lung attenuation from inspira-
tion to expiration. Using image registration technique, the
expiration CT image is deformed to match with the cor-
responding anatomical area on inspiration CT (c¢). By

comparing CT attenuation between inspiration CT and
registered expiration CT, area of air trapping with little
change in CT attenuation can be extracted and visualized
in color overlay (c). This process is applied in the whole
lung and coronal distribution of air trapping can be visual-
ized (d)

Fig. 8.14 Vascular subbranches of lung. (a) Extraction vessels in CT and (b) Vascular tree reconstruction; random
coloring; each color represents one vascular branch and mediastinal region is cropped
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vascular structure. Moreover, the percentage of
the total CSA for the lung area is significantly
higher in airway dominant phenotype than
emphysema dominant phenotype.

Osteoporosis

Osteoporosis should be considered as one of the
important pathology of COPD, because it may
cause vertebral compression fractures, which can
also deteriorate FEV, and decrease in vital capac-
ity. Actually, the loss of vertebral bone mineral
density on CT is closely related to the severity of
emphysema showing many risk factors of low
BMI, decreased activity, systemic inflammation,
and use of corticosteroids [17, 57, 58] (Fig. 8.15).
There has been reported that the decrease in tho-
racic vertebral bone mineral density is greater in
patients with a history of exacerbations than in
those without a history of exacerbations. Indeed,
osteoporosis progression should be checked in
COPD patients, especially in those with a history
of frequent exacerbations [59].

Chest Wall and Diaphragm

COPD is also characterized by progressive
impairment of respiratory function and dysfunc-
tion of respiratory muscle. There have been
reports that the depletion of peripheral muscle
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Fig.8.15 Thoracic bone density on CT image. Vertebral
bone mineral density on CT is closely related to the sever-
ity of emphysema. (a) CT image of a 59-year-old male
with 6.2% of emphysema index shows 206.7 HU on tho-
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mass is a better predictor of mortality than BMI
in patients with COPD [60, 61]. Thoracic respira-
tory muscles are unique and crucial for alveolar
ventilation and weakness of respiratory muscle
results in dyspnea and respiratory failure associ-
ated with mortality in COPD patients. It is
reported that intercostal mass and intercostal
attenuation measured by QCT are significantly
correlated with FEV, and extent of emphysema
of QCT measurement [62]. A decrease in tho-
racic muscle mass with increasing intercostal fat
is associated with worsening of COPD (Fig. 8.16).
Hyperinflation in COPD makes diaphragm to be
flatter and shorter. As the progression of COPD,
breathing becomes gradually more dependent on
the thoracic intercostal muscles than diaphragm
(Fig. 8.7).

Atherosclerosis

In COPD patients, reduced FEV, has known to
be an increased risk factor for cardiovascular dis-
eases and mortality, independent of smoking [63,
64]. In other words, systemic inflammation in
COPD patients may accelerate the rates of car-
diovascular disease, and this degree or status of
atherosclerosis may be associated with impaired
lung function and emphysema in COPD patients.
There has been an attempt to demonstrate the
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racic vertebra. (b) CT image of a 79-year-old male with
52.2% of emphysema index shows 93.0 HU on thoracic
vertebra
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Fig.8.16 Thoracic muscle mass on CT image. Thoracic
muscle mass and intercostal fat are associated with sever-
ity of COPD. (a, b) CT images of a 75-year-old male with

association of the total amount of calcification in
coronary artery, thoracic aorta, mitral and aortic
annuli, and the extent of emphysema on QCT and
lung physiology [65]. Calcium score as a mea-
surement for degree of atherosclerosis shows
weak but significant correlation with volume
fraction of emphysema on QCT, FEV/FVC, and
diffusion capacity, independent of age, BMI, and
smoking amount. The degree of atherosclerosis is
associated with impaired lung function and the
extent of emphysema.

Imaging Studies of Treatment
Monitoring and Disease Progression

Predicting Tool in Treatment Outcome

COPD is a heterogeneous condition featuring
both parenchymal destruction (emphysema) and
small airway disease (obstructive bronchiolitis);

7.4% of emphysema index shows more prominent tho-
racic muscle mass than CT images of a 62-year-old male
with 54.8% of emphysema index

its relative contributions vary in each COPD
patient. Previous studies already have suggested
that different spirometric response patterns to
bronchodilator exist in patients with obstructive
lung disease showing improvement in expiratory
flow (FEV,) or lung volume (FVC) [66, 67].
Therefore, QCT measurements can be used as a
longitudinal evaluation of treatment monitoring
based on the fact of a significant correlation
between QCT measurement indices and lung
physiologic indices. Notably, in the assessment
of different spirometric response patterns to
bronchodilator treatment, the extent of emphy-
sema in QCT measurement shows a significant
negative correlation with postbronchodilator
FEV1 change and the E/I-ratioy;, also shows a
significant positive correlation with postbron-
chodilator FVC change [68]. In case of lung vol-
ume reduction therapy in regions with severe
emphysema, QCT can be used as a predictor of
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improvement of lung function after surgical or
bronchoscopic approaches [34].

Disease Progression

There have been several efforts to evaluate the
progression of emphysema using QCT measure-
ment and QCT is useful in demonstrating the
change in extent of emphysema directly
(Fig. 8.17). However, the main drawback of QCT
measurement is a variation of inspiration level on
each CT scan. Studies showed that the change in
the 15th percentile CT density after the correc-
tion of lung volume difference was found to be
more sensitive as an index of progression com-
pared with measures of physiology or healthy
status [69]. Recently, new single unified approach
using a voxel-wise imaging analysis can be used
in diagnosing disease extent and phenotype of
COPD, detailed spatial distribution and location.

et 5o

Fig. 8.17 Follow-up emphysema quantification (LAA,
%) in same subject. Initial emphysema index (EI, %) was
measured to 41.8% on CT image (a) and matched color

This method allows us to distinguish the relative
contributions of functional small airway disease
component and emphysema in COPD in the
course of disease progression [49].

Quality Control and Standardization

Emphysema Quantification

There are several sources of variation in quantifi-
cation of emphysema in COPD including scan-
ner, software, and patient factors. Thinner slice
thickness and the lower CT dose setting result in
overestimation of emphysema extent on QCT
due to increasing image noise [4]. Inter- and
intra-scanner variation due to calibration error
and beam hardening effects should also be con-
sidered, and there have been attempt to demon-
strate that density correction of volumetric CT

- |

coding image (b). Three years hence, EI has increased and
measured to 56.2% on CT image (¢) and matched color
coding image (d)
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data based on air (reference value: —1000 HU in
tracheal air or outside patient air) will improve
the correlation between emphysema quantifica-
tion and pulmonary function test [70, 71]. This
correction method may be useful to decrease the
variation of measured results when multiscanners
are involved. Second, a smooth reconstruction
algorithm is usually recommended for the
emphysema quantification using QCT because a
strong or overenhancing algorithm can result in
overestimation of emphysema [6]. Regarding
patient factors, variation in lung volume, which is
influenced by degree of inspiration, can be a
major source of variation in clinical practice.
Measurements of emphysema can be different at
varying inspiration levels. However, quantitative
measurement of differences in emphysema would
not be significant when scans are obtained above
90% of vital capacity [72]. Current smoking sta-
tus or coexisting air trapping or parenchymal
fibrosis can also alter the quantitative emphy-
sema measurements. Measured extent of emphy-
sema in current smokers appears to be lower than
those in former smokers, probably due to
increased attenuation induced by smoking-related
infiltration of inflammatory cells in the lungs in
current smokers [73, 74]. Therefore, for accurate
and precise quantitative assessment of emphy-
sema extent, it is important to consider and con-
trol all the factors discussed above.

Airway Quantification

In quantitative airway measurements, consider-
ing factors about the source of variation are simi-
lar to emphysema measurements. Because airway
is small, it is easily influenced by partial volume
averaging and reconstruction algorithm than in
quantitative measurement of emphysema.
Appropriate radiation dose to overcome image
noise during reconstruction and submillimeter
section will reduce the variation in airway mea-
surements. In addition, there are varieties of sug-
gested software algorithms to measure airway
dimension, resulting in different measurement
values. Accordingly, usage of same software
method is essential in multicenter trial or for fol-
lowing up the patients.

Magnetic Resonance Imaging (MRI)

The MRI can obtain morphologic and functional
imaging without ionizing radiation. However,
there are some reasons of difficulty in imaging the
lung with MRI. The lung consists of the low den-
sity tissue, so it contains a relatively small number
of protons which generate signal in MRI. In the
lung, these are fast decay of signal due to suscepti-
bility artifacts from countless air-tissue interfaces.
The fast imaging, triggering, and gating techniques
are needed due to respiratory, vascular, and cardiac
motions. The major advantage of MRI is combina-
tion of morphological and functional lung imag-
ing, such as perfusion, ventilation, blood flow, gas
exchange, and respiratory motion, with high spa-
tial and temporal resolution [75].

Morphologic Evaluation of COPD

Simply speaking, there are two different types in
COPD. The airway type relates to chronic bron-
chitis and airflow obstruction. The emphysema
type shows the parenchymal destruction with
severe airflow obstruction and distal airspace
enlargement. The morphologic evaluation in
COPD using MRI is always compared to
CT. MRI is technically more challenging due to
hyperinflation and loss of lung tissue [76]. So,
there are only a few publications on morphologic
evaluation of COPD using MRI.

Imaging Technique

Many MRI sequences can be used for visualiza-
tion of the lung: balanced steady-state free pre-
cession  (bSSFP), volumetric interpolated
breath-hold examination (VIBE), half-Fourier-
acquired single-shot turbo spin-echo (HASTE),
and ultra-short echo time (UTE) [77-79]. Three-
dimensional (3D) Tl1-weighted gradient-echo
sequences are used for the assessment of medias-
tinum and lung parenchymal tissues. T2-weighted
fast spin-echo with half-Fourier acquisition
sequence can visualize bronchial wall thickening
and mucus plugging. Respiratory, vascular, and
cardiac motions can be overcome by using fast
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imaging, gating, and triggering techniques. Half-
Fourier acquisition or ultra-short echo times are
recommended.

Emphysema

It is a major role of T1- and T2-weighted images
to differentiate inflammation from muscular
hypertrophy, edema, and mucus plugging in
bronchial wall [80]. Emphysematous change of
lung cannot be easily diagnosed by a loss of sig-
nal. However, hyperinflation can be -easily
detected by increased lung volume and reduced
blood volume. There is one study about the
change of signal intensity of lung parenchyma
between inspiration and expiration MRIs, which
is correlated with FEV, [81]. The MR signal can
be improved and emphysema can be quantified
by using the UTE pulse sequences [82]. Using
fast radiofrequency (RF) excitation pulses, com-
pressed sensing and parallel imaging in UTE
pulse sequence, MR signal decay, and motion
artifacts can be minimized [83]. UTE pulse
sequences improve contrast-to-noise ratio,
signal-to-noise ratio, and signal intensity with
strong relationship between signal intensity and
tissue density. Using UTE pulse sequence, pul-
monary emphysema [84, 85], lobar fissures and
airways [86], inflammation and peribronchial
abnormalities [87] can be estimated.

Airway

There are several factors, such as bronchial
level, diameter, wall thickness, and signal from
bronchus, to detect bronchiectasis [88]. MRI
usually visualizes central and peripheral bron-
chiectasis and central bronchi, whereas poorly
visualizes normal peripheral bronchi. Using
3D  volume interpolated gradient-echo
sequence (VIBE) with high spatial resolution,
the airway can be visualized [89]. T2-weighted
sequences can visualize inflammation, mucus,
edema, and fluid collections. Active inflamma-
tion can be represented by increased fluid,
which shows high signal of the bronchial wall
on T2-weighted sequences. Inflammatory
activity has relation with contrast enhancement
of thickened bronchial wall on contrast-
enhanced T1-weighted sequence. Therefore,

airway inflammation can be visualized by high
signal on T2-weighted and contrast-enhanced
T1-weighted sequences [90]. In contrast,
mucus plugging on peripheral bronchi shows
high signal intensity of fluid content on
T2-weighted sequence without contrast enhance-
ment on T1-weighted sequence on MRI.

Perfusion MRI

Using perfusion MRI, perfusion information of
lung can be acquired without ionizing radia-
tion. One of the advantages using perfusion
MRI in COPD is combination of perfusion and
morphologic information about parenchymal
destruction and cause of perfusion changes.

Several imaging techniques have been
introduced.
Imaging Techniques

For assessment of pulmonary vasculature and
perfusion, both of non-contrast-enhanced and
contrast-enhanced sequences are available. Non-
contrast-enhanced perfusion MRI can be acquired
using arterial spin labeling technique, which is to
mark a specific part of spins magnetically using
radiofrequency (RF) excitation [91]. Using the
electrocardiogram (ECG) gating technique, sig-
nal differences between systolic phase and dia-
stolic phase can make perfusion images of the
lung without contrast injection [92]. However,
one of the limitations of ECG-gated perfusion
MRI is that the image subtraction process is sen-
sitive to misregistration due to bulk respiratory
motion [91]. Contrast-enhanced 2D and 3D MRI,
which is based on dynamic acquisition of lung
tissue during contrast injection, can assess lung
perfusion and quantify pulmonary perfusion [93,
94]. The advantage of contrast-enhanced perfu-
sion MRI is high signal-to-noise ratio [95]. For
evaluation of whole lung perfusion during peak
enhancement period, 3D technique should be
needed. For improvement of spatial resolution
and reduce of the total acquisition time, k-space
sampling techniques such as parallel imaging
techniques or echo sharing techniques can be
used [96, 97].
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Quantification

Using MR perfusion technique, pulmonary blood
flow can be assessed quantitatively [98, 99]. The
indicator-dilution theory using the maximum of sig-
nal intensity and the temporal course of the signal
change is base of quantification of pulmonary per-
fusion. If linear relation can be assumed between
the concentration of contrast agent and the signal,
concentration-time curves can be made by conver-
sion of signal-time curves. The relationship among
the perfusion parameters—pulmonary blood flow
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shows quantification images of lung perfusion using
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Fig.8.18 Lung perfusion quantification image. Using perfusion MRI technique, PBF map (a), a PBV map (b), and an

MTT map (c) are generated
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COPD Studies Using Perfusion MRI

In COPD, chronic inflammation is thought to
lead to intimal wall thickening and smooth
muscle hypertrophy of pulmonary arteries.
Hyperinflation and air trapping can make hypoxic
vasoconstriction. Perfusion MRI shows high
accuracy in detecting perfusion abnormalities in
patients with emphysema [100, 101]. The perfu-
sion abnormalities in COPD usually show a low
degree of inhomogeneous contrast enhancement,
especially in the area of severe emphysema [102]
and decreased peak signal intensity. In COPD
patients with severe emphysema, visual assess-
ment of perfusion using 3D perfusion MRI shows
high agreement with parenchymal destruction
[103]. With quantitative analysis, decreased per-
fusion parameters on MRI correlate with worsen-
ing of FEV,/FVC and increased emphysema
index on CT [104]. Quantitative perfusion MRI
in COPD shows decreased value and heteroge-
neous change in mean pulmonary blood flow
(PBF), pulmonary blood volume (PBV), and
mean transit time (MTT) than those in normal
volunteer [105].

Ventilation MRI

For assessment of lung ventilation, several meth-
ods of MRI, such as oxygen-enhanced MRI and
hyperpolarized noble gas MRI, are developed.
Repeated or time-resolved measurements of lung
dynamics can be obtained using ventilation MRI.

Oxygen-Enhanced MRI

Oxygen-enhanced MRI can visualize lung venti-
lation. Oxygen couples to hemoglobin and is
present as dissolved oxygen in blood during oxy-
gen exchange between capillary beds and alveoli
[106]. Paramagnetic property of deoxyhemoglo-
bin makes little T1 shortening effect with T2*
shortening effect [107, 108]. Dissolved oxygen
makes shortening of T1 relaxation time of blood
in pulmonary vein due to paramagnetic property
of oxygen [107]. This shortening leads to
increased signal intensity on oxygen-enhanced
MRI [109, 110]. Several sequences, such as cen-
trically reordered phase-encoding scheme on

HASTE sequence and single-shot rapid acquisi-
tion with relaxation enhancement (RARE) or
HASTE sequences, can make oxygen-enhanced
MRI [111]. Respiratory gating techniques are
preferred because pulmonary physiology and
physiopathology can be affected by breath hold
despite decreased misregistration. Oxygen-
enhanced MRI is used to assess ventilation
abnormalities in pulmonary emphysema [112].
Regional changes in ventilation on oxygen-
enhanced MRI reflect the regional lung function
[113]. Figure 8.19 shows ventilation of patients
with severe COPD using dynamic oxygen-
enhanced MRI. FEV, and DLco well correlate
with slope of oxygen-enhancement time-course
curve and degree of oxygen-enhancement,
respectively. Dynamic oxygen-enhanced MRI
reflects DLco and provides diffusing capacity
maps [112].

Hyperpolarized Noble Gas MRI

Using hyperpolarized noble gas MRI with He or
129X gas, ventilation MRI can be acquired [110,
114, 115]. These techniques visualize the *He or
12Xe gas in airway and airspaces, so it can be
used for regional mapping of airflow and assess-
ment of diffusion in airspace [116, 117]. For
these techniques, specialized laser equipment
and specialized RF transmitter and receiver coils
are mandatory. Four different techniques are used
for hyperpolarized *He MRI [118]. Static ventila-
tion imaging generally uses 2D or 3D fast low-
angle single-shot or bSSFP sequences [119].
Diffusion imaging uses gradient-echo pulse
sequence with bipolar diffusion-sensitizing gra-
dient waveform between the excitation RF pulse
and data acquisition [120]. Dynamic ventilation
imaging uses the ultrafast pulse sequences such
as interleaved spiral pulse sequence with good
balance between spatial and temporal resolution
[121]. Oxygen partial pressure imaging uses the
paramagnetic effect of oxygen on polarization of
*He [122]. Single-acquisition and single breath-
hold technique improves temporal resolution and
reduces error due to second breath hold. MRI
with this technique can directly measure the
regional ventilation and perfusion distribution
[123]. Because '*Xe is naturally richer than *He
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Fig.8.19 Oxygen-enhanced MRI in COPD patients. (a,
b) A 75-year-old female smoker with mild COPD (a: thin-
section coronal multiplanar reformatted (MPR) CT image
shows centrilobular emphysema in the left upper lung
field, b: relative enhancement (RER) map from oxygen
O-enhanced MRI  demonstrates  heterogeneously
decreased oxygen-enhancement in the both lung, espe-
cially left upper lung filed.) (c, d) a 56-year-old female

and '®Xe MRI shows comparable quality to *He
MRI with recent advances in polarization and
imaging methods; many methods of *He are
translated for '*Xe. However, '*Xe MRI differs

smoker with severe COPD (c: thin-section coronal MPR
CT image demonstrates panlobular emphysema in bilat-
eral upper and middle lung field. d: RER map from oxy-
gen Or-enhanced MRI demonstrates heterogeneously
decreased oxygen-enhancement in the both lung, espe-
cially upper lung fields.) Image courtesy of Yoshiharu
Ohno, Kobe University Graduate School of Medicine

from *He MRI due to difference of gas distribu-
tion. In stage III COPD, ventilation defect vol-
ume (VDV) was sensitive to minimal changes
during short-term follow-up [114]. Percentage of
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ventilation volume was significantly different
among three groups (healthy volunteers, healthy
asymptomatic smokers, and COPD patients).
COPD patients are separated from healthy sub-
jects by apparent diffusion coefficient (ADC)
map [124]. Using diffusion-weighted hyperpo-
larized '*Xe MRI, ADC was significantly corre-
lated with PFTs (FEV,, FEV,/FVC, and DLco)
[115]. Ventilation defect percentages in *He MRI
show significant correlations with ventilation
defect percentages in '*Xe MRI and ventilation
defect percentages show strong correlations with
FEV, [125]. ADC can measure airspace size sen-
sitively. In COPD, airspace dimensions are
increased compared to non-smokers [126]. ADCs
in emphysema show regional variations and sig-
nificantly larger than those of healthy volunteers,
which is homogeneous [127].

Fourier Decomposition MRI
for Combined V-Q Imaging

Non-contrast-enhanced ventilation and perfusion
MRI, known as Fourier decomposition MRI, uses
a short echo dynamic SSFP acquisition with sub-
sequent compensation for respiratory motion by
using non-rigid image registration [128, 129].
Peaks at the respiratory and cardiac frequencies
can be identified by spectral analysis of the image
time series. Deformation of lung parenchyma and
pulmonary blood flow leads to regional proton
density change, which is related to amplitude of
these peaks [130]. With image post-processing,
ventilation- and perfusion-weighted maps are
generated for regional assessment of lung func-
tion from a single acquisition series [131].

Dynamic Respiration MRI

Diaphragmatic geometry is affected by hyperin-
flation of the lung. Dynamic respiration MRI
with fast-acquisition technique can visualize
complex interaction between chest wall and dia-
phragmatic motion with high spatial and tempo-
ral resolution [132]. Using dynamic respiration
MRI, the change in lung volume during the

respiratory cycle can be assessed. In emphysema
patients, motion of the diaphragm and chest wall
is reduced, irregular or asynchronous [133].
Emphysema in lower lung shows significant cor-
relation with diaphragmatic flattening, abnormal
chest wall motion, and severe airflow limitation
[134]. Although both normal and paradoxical
diaphragmatic motion is restricted by severe
hyperinflation, the paradoxical diaphragmatic
motion shows significant correlation with hyper-
inflation [135].

Other Imaging for COPD
Dual-Energy CT

Introduction of Dual-Energy CT

Dual-energy CT refers to CT that uses two differ-
ent energy spectra (usually 80 and 140 kVp).
With the knowledge about the X-ray attenuation
change of a particular substance at two different
X-ray energies, the material differentiation and
elemental decomposition of tissues are possible
in dual-energy CT [136, 137]. Therefore, with
single contrast CT scanning at two different ener-
gies, the CT images used for structural evaluation
are created by combination of the CT images
from the low- and high-energy CT data, and the
material-specific images such as iodine map or
xenon map for functional evaluation are created
by the material-decomposition algorithms in the
postproccessing  of  dual-energy  datasets
(Fig. 8.20). Three different designs of dual-
energy CT for the acquisition of dual-energy data
have been proposed. Firstly, dual-source CT sys-
tem has two separate X-ray tubes and two corre-
sponding detectors, which are placed with an
angular off-set of 90° on the rotating gantry. Each
X-ray tube can be operated at different kilovolt-
age and milliamperage settings. Secondly, in
rapid kVp switching, the single X-ray source is
used and X-ray tube electronically switches the
tube voltage between higher energy and lower
energy in about 0.5 ms. Lastly, the energy-
sensitive sandwich detector is now commercially
available. This system uses a layered detector
and single X-ray tube with the polychromatic
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A-tube: 140 kVp, 50 eff.mAs

Two tubes run simultaneously
Single scanning after contrast

Average image:
Conventional CT image

Fig. 8.20 Iodine perfusion imaging using dual-source
CT. CT image data is generated in dual-energy acquisition
mode of dual-source CT. Axial CT image is obtained at
140 kVp and 50 mAs from A-tube and at 80 kVp and
210 mAs from B-tube. And conventional CT image
(approximate 120 kVp image) is generated from combina-

spectrum. The layered detector comprises two
layers: a thin top scintillator that absorbs low
energy photons and a bottom scintillator that
absorbs the higher mean energy photons.

For COPD patients, which is characterized by
airway obstruction and emphysematous alveolar
destruction, pulmonary vascular changes are also
produced, which are characterized by hypoxic
vasoconstriction, numeric reduction, and endo-
thelial dysfunction of the small pulmonary arter-
ies [138-140]. These characteristic anatomic
changes influence and impair alveolar gas
exchange, and the uneven distribution of alveolar
ventilation and pulmonary blood flow (V/Q mis-
match) is the most important cause of arterial
hypoxemia in the COPD patients [141, 142].
Therefore, evaluating COPD patients should
focus on not only the extent and severity of ana-
tomic destruction of the lung parenchyma but
also the functional changes and impairment such

Average

Fusion image

S.M. Lee et al.

B-tube: 80 kVp, 210 eff. mAs

Ypmcessing

lodine image:
Parenchymal perfusion

tion of the 140 and 80 kVp datasets. Iodine image is
obtained with extraction of iodine component with
material-decomposition theory in post-processing. Fusion
image with conventional CT image and iodine image is
generated for the evaluation of lung parenchymal
perfusion

as alveolar ventilation changes or parenchymal
perfusion changes.

Perfusion Dual-Energy CT
Dual-energy CT-derived iodine map represents
the iodine content of the capillary bed, i.e., pul-
monary blood volume at the time of CT scanning
rather than pulmonary blood flow. However, it
has been demonstrated that the similarity of the
dynamic CT-derived pulmonary blood flow and
dual-energy CT-derived pulmonary blood vol-
ume [143]. Therefore, pulmonary blood volume,
assessed with dual-energy CT, can be used for the
evaluation of lung perfusion as a surrogate for
dynamic CT-derived pulmonary blood flow with
simpler protocol while maintaining quantitative
similarity (Fig. 8.21).

In COPD, the regional lung perfusion
impairment occurs due to the hypoxic vasocon-
striction of the area with decreased ventilation
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Fig.8.21 Iodine perfusion image with dual-energy CT in
COPD patient. (a—c¢) Dual-energy CT in COPD patient
with mild emphysema. (d—f) Dual-energy CT in COPD
patient with severe emphysema. From iodine perfusion
CT using dual-energy CT, (a, d) weighted conventional
CT image and (b, c, e, f) iodine perfusion map are gener-
ated. Lung parenchymal destruction in COPD patient can

be assessed on high-resolution conventional CT image (a,
d), and anatomically matched parenchymal perfusion
information can be evaluated on perfusion map (b, ¢, e, f).
In the area of confluent emphysema of both lower lobes,
parenchymal perfusion is decreased (displayed with blue
color)
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and reduction of the pulmonary capillary by the
chronic inflammation of pulmonary artery
[144]. Moreover, alveolar surface destruction is
accompanied by the reduction of the pulmonary
capillary bed. Thus, considerable attention has
been paid to the evaluation of lung perfusion
alterations in COPD patients because the sever-
ity of parenchymal destruction and the altera-
tion of lung perfusion determine the functional
effect of emphysematous changes. Lung paren-
chymal perfusion has been assessed by perfu-
sion scintigraphy, single-photon emission CT
and MR. However, the distribution of perfusion
impairment does not match with the area of
parenchymal destruction [145]. Dynamic multi-
detector CT perfusion imaging also can provide
the regional perfusion. It has been demonstrated
that smokers with subtle CT findings of centri-
lobular emphysema and normal findings at spi-
rometry has increased regional heterogeneity of
lung perfusion compared with never smoked
subjects and smokers with normal CT image
[146]. However, dynamic multi-detector CT
perfusion imaging necessitates a central high-
pressure bolus of contrast material and scan-
ning a limited axial extent of the lung during a
cardiac-gated scan.

Pansini et al. have demonstrated that regional
alteration of lung perfusion can be assessed by
dual-energy CT, matching parenchymal destruc-
tion in 47 smokers with predominant emphysema
[147]. Moreover, Lee et al. have shown that the
contrast-enhanced dual-energy CT can be used
for the quantification of emphysema and regional
perfusion evaluation by using the virtual non-
contrast images and iodine map, simultaneously
[148]. Assessing the distribution of pulmonary
emphysema and anatomically matched paren-
chymal perfusion information is particularly
applicable in the patient and target lobe selection
for lung volume reduction surgery or broncho-
scopic lung volume reduction. Data from
National Emphysema Treatment Trial with more
than 1000 patients undergoing lung volume
reduction surgery showed that lung volume
reduction surgery reduces mortality in patients
with upper-lobe predominant emphysema only if
there is low perfusion to the upper lobe on scin-

tigraphy [149]. Park et al. used dual-energy CT
with lung perfusion imaging for target lobe selec-
tion of bronchoscopic lung volume reduction by
endobronchial valves. In that study, the target
lobe was selected, if it was most hyperinflated
and least perfused, and if it had no collateral ven-
tilation with other lobes on perfusion image with
dual-energy CT [150].

Ventilation Dual-Energy CT
In clinical practice, the evaluation of COPD
severity is based on the result of pulmonary func-
tion test; however, pulmonary function test pro-
vides global status of lung function and does not
show the regional distribution of functional
abnormality. For evaluation of regional lung
parenchymal ventilation, radionuclide scintigra-
phy or MR is used, but it is limited by its low
spatial resolution. CT also can be used to depict
lung ventilation with inhalation of xenon gas
[151, 152]. Xenon is a radio-opaque gas and
xenon gas concentration in alveolar space can be
measured based on the attenuation changes on
CT image (Fig. 8.22). However, because of vari-
ability in baseline lung attenuation between
images due to misregistration artifacts and differ-
ent respiration levels, the accurate measurement
of lung ventilation function is limited, triggering
great attention in the simultaneous structural and
functional evaluation with single CT scanning
accessible to dual-energy CT. Two stable gases,
xenon and krypton, with high atomic numbers (54
for xenon and 36 for krypton) are eligible for ven-
tilation imaging with dual-energy CT. For xenon
ventilation imaging with dual-energy CT, the
patient usually inhales 30% stable xenon (a mix-
ture of 30% xenon and 70% oxygen) for 1 min to
1 min 30 s with use of a xenon gas inhalation sys-
tem (Zetron V; Anzai Medical, Tokyo, Japan).
The first clinical report with xenon ventilation
imaging with dual-energy CT was reported by
Chae et al., investigating eight healthy volunteers
and four patients with COPD. The authors have
demonstrated the direct visualization of the
degree of xenon gas enhancement in the lung
parenchyma as a color overlay on a conventional
thin-section chest CT image by material decom-
position [153]. Park et al. performed two phase
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Fig.8.22 Xenon ventilation image with dual-energy CT
in COPD patient. (a—c) Dual-energy CT in COPD patient
with mild emphysema. (d—f) Dual-energy CT in COPD
patient with severe emphysema. (a, d) Conventional CT
image and (b, ¢, e, f) xenon ventilation map image
obtained from xenon ventilation dual-energy CT. On

weighted average image (a, d), centrilobular emphysema
and bronchial wall thickening in both lower lobes are
noted. (b, c, e, f) In right upper lobe and left upper lobe,
decreased xenon ventilation is identified, while xenon
ventilation is preserved in left upper lobe posterior
segment
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(wash-in and wash-out phase) xenon ventilation
dual-energy CT in 32 patients with COPD. And
regional quantified value of xenon enhancement
in abnormally low attenuating lung area on
xenon-enhanced images with wash-out phase
showed inverse correlation with pulmonary func-
tion test, and it showed better correlation with
pulmonary function test than CT attenuation
parameters [154]. Similar approaches were also
reported in asthma patients. Investigating 22
asthma patients, Chae et al. have demonstrated
the ventilation defects that appeared on xenon
ventilation imaging with dual-energy CT in
asthma patients with severe airflow limitation
and airway wall thickening. And the extent of the
ventilation defects on xenon-enhanced CT
showed correlations with parameters of pulmo-
nary function test [155]. Demonstration of the
reversibility of airflow obstruction after inhala-
tion of bronchodilator has been reported, and it
suggested that xenon-enhanced dual-energy CT
may be feasible for visualizing the changes of
airflow in response to drugs in asthma patients
[156-158].

Stable krypton can be an alternative to xenon
for ventilation imaging with dual-energy CT due
to its high atomic number, and lack of toxicity
and anesthetic properties. Hachulla et al. have
firstly reported the krypton ventilation imaging
using dual-energy CT in COPD patients. Single
CT acquisition covering the whole thorax was
performed after inhalation of a mixture of 80%
krypton and 20% oxygen with five respiratory
maneuvers through the mask. The maximum
level of krypton enhancement within the lung
was 18.5 HU, which is lower than that reported
with xenon, with an average maximum degree of
xenon enhancement of 23.78 HU, is sufficient to
detect ventilation abnormalities [159]. This sin-
gle static approach in phantoms and volunteers
also has been reported recently using xenon gas
after a single vital capacity inhalation [160]. The
single static evaluation delivers a lower radiation
dose and a few or single inhalation method is
more easily implementable for radiologists and
patients, without side effects. However, different
ventilation dynamics can be evaluated regarding
the scanning method and gas inhalation method.

Combined Ventilation and Perfusion
Assessment with Dual-Energy CT
Pulmonary parenchymal perfusion change or
ventilation impairment was evaluated with dual-
energy CT separately in COPD patients.
However, the pulmonary parenchymal ventila-
tion and perfusion are changed concurrently, and
the imbalance between ventilation and perfusion
is the important characteristics in the patients
with COPD. Investigating ten patients with vari-
ous diseases from an anesthesiological intensive
care unit, Thieme et al. have reported the poten-
tial of dual-energy CT to provide both pulmonary
ventilation and perfusion imaging [161]. Zhang
et al. applied combined ventilation and perfusion
imaging with dual-energy CT in patients with
suspected pulmonary embolism [162]. Combined
ventilation and perfusion imaging with dual-
energy CT in patients with COPD has not yet
been reported (Fig. 8.23).

Nuclear Medicine Imaging

Scintigraphy, Single-Photon Emission
Computed Tomography (SPECT)

Both planar scintigraphy and SPECT image the
distribution of radiotracer which is introduced
into the body, and the emitted radiation from
radiotracer is detected by external detectors. In
contrast to scintigraphy which forms a single
two-dimensional image, analogous to a planar
X-ray scan, SPECT provides three-dimensional
imaging about the distribution of a radiotracer by
combining scintigraphic and computed tomo-
graphic technique, and allows the functional
information from SPECT to be easily combined
with the high-resolution anatomic information
from CT. Perfusion scanning is generally per-
formed using 99 m-technetium-labeled macroag-
gregated albumin (99 m Tc-MAA), which lodges
in the pulmonary circulation after peripheral
injection. In an animal study using pigs, perfu-
sion SPECT has been shown to be more sensitive
than HRCT to detect mild physiologic changes of
elastase-induced pulmonary emphysema [163].
Moreover, Suga et al. have been demonstrated
that perfusion abnormalities on breath-hold
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Fig. 8.23 Combined ventilation and perfusion assess-
ment with dual-energy CT. From combined xenon ventila-
tion and iodine perfusion CT using dual-energy CT, the
conventional virtual non-contrast CT image (a), xenon
ventilation/iodine perfusion map (b), ventilation map (c)

SPECT-CT fusion image can better reflect the
lung pathophysiology than the emphysema index
on morphologic CT scan [164]. And there have
been several intervention studies in COPD
patients using perfusion scintigraphy and SPECT
to predict and measure clinical success. As men-
tioned earlier, assessing the lung parenchymal
perfusion has been particularly applicable in tar-
get lobe selection for lung volume reduction sur-
gery or bronchoscopic lung volume reduction.
Perfusion scintigraphy has been used in National
Emphysema Treatment Trial with more than
1000 patients undergoing lung volume reduction
surgery for selection of target lobe [149]. And
perfusion scintigraphy was also useful for selec-
tion of target lobe for endobronchial valve ther-
apy in advanced emphysema patients, and
patients having heterogeneous emphysema with
a low baseline target lobe perfusion benefited

3 = “K i
3 RL,
V/Q ratio map

Perfusion map

and perfusion map (d) are generated. Lung parenchymal
ventilation, perfusion and ventilation-perfusion imbal-
ance with high-resolution anatomic CT information can
be simultaneously evaluated with combined ventilation
and perfusion dual-energy CT

from endobronchial valve therapy [165].
Although scintigraphy and SPECT have constitu-
tional problems, low spatial resolution and long
image acquisition time, to date, they are widely
applied due to their availability in many centers.
Ventilation scintigraphy and SPECT use two
types of inhalation radiotracers: gaseous radio-
isotopes or radiolabeled particulate aerosols.
81 m Kr and 133 Xe as gaseous radioisotopes
have been used for ventilation scintigraphy and
SPECT, and several studies with gaseous radio-
isotopes have demonstrated ventilation heteroge-
neity in COPD [166, 167]. And for radiolabeled
particulate aerosol, Technegas (99 m Tc-labeled,
aerosolized ultrafine carbon particle, approxi-
mately 200 nm diameter) is usually used in
patients with COPD due to its small particle
size [168], even in the presence of severe air-
flow obstruction [169]. With Technegas, the
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inhomogeneities in ventilation on scintigraphy
and SPECT in COPD patients have been visual-
ized and quantified [170, 171].

Ventilation/perfusion SPECT can also be
applied for the evaluation of the imbalance
between ventilation and perfusion in the patients
with COPD. Jogi et al. have reported significant
correlation between total reduction in lung func-
tion assessed with ventilation/perfusion SPECT
and spirometric lung function and emphysema
severity on CT in patients with COPD [172]
(Fig. 8.24). Suga et al. have described that quan-
titative analysis of V/Q distribution by SPECT
and the standard deviation and kurtosis of the
V/Q profile could be adequate indicator for the
severity of lung V-Q imbalance causing gas
exchange impairment in patients with emphy-
sema [173].

HRCT

AR
i

Fig.8.24 Ventilation/perfusion SPECT. Patient with cen-
trilobular emphysema on HRCT. Ventilation/perfusion
SPECT shows uneven ventilation and perfusion. Extensive
areas with reverse as well as matched ventilation/perfu-
sion defects are found. Better perfused areas correspond

Transverse

Frontal

Positron Emission Tomography (PET)

Regional ventilation and perfusion also can be
evaluated with PET using isotope "N, gas dis-
solved in saline solution. Brudin et al. have reported
that high V/Q tended to be more common in sub-
jects with an emphysema dominant subtype,
whereas low V/Q was more common in those with
a bronchial inflammation dominant subtype.
Spatial heterogeneity of lung perfusion also has
been described with ®N, saline PET, and the
regional heterogeneity in perfusion has been
increased in patients with mild COPD compared to
healthy controls, after adjusting for regional
changes in lung tissue density and ventilation.
[174]. These results suggest that regional perfusion
changes may precede lung parenchymal destruc-
tion in COPD. Therefore, this imaging method
may serve as an early biomarker for COPD.

P

¥is
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to areas which are well ventilated (black arrows) and to
better preserved parenchyma on HRCT (white arrows).
Other areas appearing as hot spots on ventilation images
are poorly perfused (dotted arrows). (Reprinted with per-
mission, from reference 172)
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Recent studies have been focused on systemic
inflammation as a consequence of COPD, and
patients with COPD are found to have higher
levels of systemic biomarkers of inflammation
and worse cardiovascular risk profile and progno-
sis [175-177]. Fluorine-18-fluorodeoxyglucose
(F-FDG) is the most commonly used PET
radioisotope, and it depicts increased glucose
metabolism. In COPD patients, *F-FDG has
been used to demonstrate both pulmonary and
systemic inflammation. The pulmonary inflam-
mation as '®F-FDG uptake in COPD patients was
significantly higher than in asthmatic and normal
subjects [178]. Pulmonary "F-FDG uptake in
usual (PiM phenotype) COPD patients was
greater compared to patients with alpha-1 anti-
trypsin deficiency-associated emphysema (PiZ
phenotype) and healthy controls, and it was cor-
related with FEV, [179]. Coulson et al. have
evaluated the aortic inflammation as a measure
of systemic inflammation using '®F-FDG PET in
seven COPD patients, five metabolic syndrome
patients, and seven ex-smokers. Aortic inflam-
mation in COPD patients was intermediate
between ex-smokers and metabolic syndrome
patients [180].

Optical Coherence Tomography (OCT)

OCT is an imaging method utilizing the refrac-
tion of light waves as it passes through tissues,
and measures the lung structure with endobron-
chial approach. A fiberoptic probe with a near-
infrared optical probe is introduced into the
airways via a bronchoscope and the reflected
light by the tissue is detected and reconstructed
into an image. The spatial resolution of OCT is
much higher than CT with the ability to resolve
structures up to micrometers and distinguish
between different tissue types within the airways.
Thus, the main strength of OCT in COPD is the
ability assessing small airway morphology
in vivo. Coxson et al. have demonstrated an
excellent correlation between airway lumen and
wall area measured by OCT and by CT [181].
Furthermore, OCT airway dimensions measured
at the fifth generation bronchi showed a stronger

negative correlation with the subject’s FEV, than
CT, and had greater sensitivity in detecting
changes in wall measurement than CT measure-
ments. And OCT also provided data on airway
wall morphology and subepithelial remodeling
and collagen deposition. While OCT is not
widely applicable to date, the novel ability on
directly assessing small airway disease in COPD
patients may allow increasing utilization of OCT
in research and clinical practice.
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Biomarkers of COPD

Ho Il Yoon

Introduction

Chronic obstructive pulmonary disease (COPD)
is a major health burden across the world.
Globally, more than 300 million people suffer
from COPD [1] and nearly three million die each
year from this disease [2]. COPD mortality con-
tinues to climb at an alarming rate, such that by
2030, nearly nine million people will die annu-
ally from COPD [3]. The economic burden of
COPD is also enormous. In the United States
alone, COPD accounted for $20.9 billion USD in
direct and $7.4 billion USD in indirect costs in
2004 [4]. Regrettably, the pipeline for new drugs
for COPD is relatively dry compared to other
major causes of mortality such as HIV/AIDs,
cancer, and diabetes [5]. One major barrier to
drug discovery in COPD is the paucity of well-
accepted and  well-validated biomarkers.
Currently, the only “marker” that is widely
accepted by regulatory agencies for new drug
approval in COPD is FEV, (forced expiratory
volume in 1 s), which is a robust measure of lung
function. However, COPD is defined operation-
ally as a chronic respiratory condition that results
in airflow limitation which is progressive and not
fully reversible [6]. In other words, COPD is
defined by limited reversibility of FEV, making
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this endpoint unsuitable for drug discovery in
COPD. The discovery of a validated, reliable,
robust, and reproducible blood biomarker would
provide a major boost to the development of
novel compounds because it would allow investi-
gators (and companies) to demonstrate the thera-
peutic promise of a drug in small (usually phase
I) trials before proceeding to a much more
expensive and logistically difficult phase III tri-
als. Without such data, pharmaceutical compa-
nies are hesitant to invest millions of dollars on
large phase III studies to bring compounds to
market. For this reason, some international com-
panies have recently abandoned COPD drug
development altogether, while many others have
scaled back their efforts significantly. The pur-
pose of this chapter is to review potential bio-
markers of COPD, especially those that could be
used in predicting treatment responses.

Sources of Biomarkers

Biomarkers can originate from any organ.
However, because COPD is predominantly a lung
disease, the airways are the most logical source
for identifying novel biomarkers in COPD. There
are three major sources of airway samples. They
include sputum (spontaneous or induced), exhaled
gases or condensates, or bronchial washes or
brushes. The latter source requires bronchoscopy,
which is invasive. Thus, repeated measurements
are usually not feasible. Furthermore, bronchial
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sampling is limited to one or two airways, which
may result in sampling error because the human
lung contains more than 40,000 terminal bronchi-
oles [7]. For these and other reasons, broncho-
scopic samples have not been used for biomarker
discovery in COPD and will not be discussed any
further in this chapter.

Both spontaneous and induced sputum and
exhaled gases and condensates also have method-
ological challenges that limit their utility as a
source of biomarker discovery. For example,
induced sputum is hard to process and may contain
contaminants such as saliva that makes it difficult
to relate sputum findings to the pathophysiological
processes that are occurring in the lungs [8].
Exhaled gases and more recently condensates have
been used to identify novel biomarkers in
COPD. However, the data to date have been vari-
able and inconsistent, owing to lack of standardiza-
tion of methods and heterogeneity in the techniques
employed for sample collection and analysis [9]
and the fact that most proteins are unpredictable or
below the lower limit of quantification [10].
Nevertheless, these sources are commonly used for
biomarker discovery in COPD because they are
readily accessible and noninvasive.

Other than its sources, different criteria can be
used to classify biomarkers of COPD. These can
be by the biological process where they are modi-
fied, by purposes of which they can be used in the
clinical field, and sometimes by the association
with tobacco smoke. In effect, the respiratory
biomarkers could be classified to five categories
in relation to their association with exposure to
tobacco smoke and/or with COPD [11]: (1) bio-
markers of response to tobacco smoke exposure,
associated with COPD activity, which are
expressed at higher levels in healthy smokers
than in non-smokers and at higher levels in
COPD than in healthy smokers; (2) biomarkers
of COPD inflammation whose expression level is
not associated with tobacco smoke exposure, as it
is higher in COPD patients than in controls, with
no significant differences between healthy smok-
ers and non-smokers; (3) biomarkers of response
to tobacco smoke exposure, not associated with
COPD activity; (4) biomarkers negatively associ-
ated with COPD and/or tobacco smoke exposure;

and (5) molecules variably associated with COPD
and/or tobacco smoke.

In addition, it would be crucial to differentiate
biomarkers in terms of their reproducibility
within and across laboratories and platforms to
identify its relevance despite technical differ-
ences [12].

Sputum Neutrophils

By far, induced sputum has been the most popu-
lar source of biomarker discovery in
COPD. Sputum contains a mixture of mucins
(approximately 2—4% of the total weight), salts,
tissue plasma, lipids, and inflammatory cells
from tissue and airway lumen, microbial prod-
ucts, cellular debris, and inhaled particles from
the environment [8]. The predominant mucins in
sputum are MUC5B and MUCS5AC [8]. Induced
sputum is an attractive source of biomarker dis-
covery because it is relatively noninvasive to
obtain even in subjects who do not spontaneously
expectorate and may reflect the inflammatory
process in the airways. However, there are sev-
eral challenges in identifying possible biomark-
ers in sputum. These include (1) the use of
liquefaction agents such as DTT (dithiothreitol)
or NAC (N-acetylcysteine), which may disturb or
interfere with protein measurements in sputum;
(2) the lack of consistent marker that can be used
to normalize sputum data. This makes it difficult
to compare results across subjects and across
studies; (3) contamination of sputum by saliva,
which may obscure biomarkers in sputum sam-
ples (largely by dilution); and (4) lack of stan-
dardization in the collection and processing of
samples and in data analysis. Furthermore, the
source of the induced sputum is likely the large
(central) airways and not the small peripheral air-
ways, which are thought to be the major site of
disease in COPD [7]. The use of spontaneous
sputum has similar issues but is more likely to
reflect increased inflammation and can be sam-
pled on a sequential basis reducing variability
[13].

Notwithstanding these limitations, sputums
have been used for biomarker discovery because
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they can be procured noninvasively and some
components of sputum may reflect the active
inflammatory process in the airways of COPD
patients. One such biomarker is the neutrophil
count in induced sputum. It is an attractive bio-
marker in COPD because neutrophils are thought
to play an important role in the pathogenesis of
COPD [14, 15], secreting various cytokines that
provoke and perpetuate lung inflammation [16,
17]. Furthermore, neutrophils are easily measur-
able in sputum of COPD patients [18]. With
smoking and with COPD progression, the spu-
tum contains increasing percentages of neutro-
phils [19]. Interestingly, once COPD is firmly
established, neutrophil count remains elevated
even following smoking cessation [20]. Most
importantly, elevated expression of sputum neu-
trophils has been associated with rapid decline in
FEV|, highlighting the importance of neutrophils
in COPD pathogenesis [21]. However, the rela-
tionship between the neutrophil count and per-
cent neutrophils is exponential and absolute
count may therefore be more relevant.
Neutrophil counts in sputum have also been
used as a biomarker to evaluate well-established
COPD drugs. For instance, in the study by Barnes
et al., sputum neutrophil count was used as a co-
primary endpoint to evaluate the possible effi-
cacy of fluticasone/salmeterol combination in the
treatment of COPD [22]. Over 3 months, they did
not find a significant change in sputum neutrophil
count between fluticasone/salmeterol combina-
tion and placebo [22]. This was surprising as
fluticasone/salmeterol combination has been
shown to reduce the rate of COPD progression
(albeit marginally) in patients with established
COPD [23] suggesting the study may have been
underpowered [13]. Similarly, Laperre et al. eval-
uated the effects of fluticasone alone and in com-
bination with salmeterol on a variety of different
outcomes included sputum neutrophil count.
They showed that at 30 months of therapy, the
group that received fluticasone had significantly
lower sputum neutrophil count than did the pla-
cebo group [24]. On the other hand, salmeterol
by itself had no significant effect on sputum neu-
trophilia [24]. These data are consistent with a
meta-analysis published in 2005, showing that

inhaled corticosteroid therapy for at least 6 weeks
results in a significant reduction in sputum neu-
trophil count in patients with stable COPD [25].
Together, these studies validate the concept of
using sputum neutrophilia as a biomarker to eval-
uate “neutrophilic” airway inflammation in
patients with COPD.

Recently, several investigators have applied
this biomarker to evaluate emerging (new) thera-
pies in COPD. For instance, He and colleagues
used sputum neutrophil count to assess the pos-
sible beneficial effects of erythromycin on airway
inflammation [10]. In this randomized controlled
trial, they found that erythromycin (at 125 mg
three times per day) significantly reduced sputum
neutrophilia by 3 months and interestingly also
reduced the risk of exacerbations suggesting anti-
inflammatory and/or antibacterial effects [10].
Ford and colleagues used sputum neutrophils to
assess the possible benefits of low-dose theophyl-
line in the management of COPD patients. Thirty
patients with COPD were treated with placebo
theophylline capsules plus either inhaled flutica-
sone propionate (500 microg bid) or inhaled pla-
cebo for4 weeks in a double-dummy, randomized,
double-blind, parallel study. Then following a
two-week-washout period, patients were given
active theophylline. However, contrary to expec-
tations, they found that combination treatment
with fluticasone and theophylline did not reduce
total sputum neutrophils [13]. However, in
another study, 8 weeks of low-dose theophylline
therapy was associated with reduced sputum neu-
trophil count [26]. Sputum neutrophil count has
also been used as a primary endpoint in clinical
studies evaluating promising but not yet approved
COPD drugs. For example, Gronke et al. used
sputum neutrophils as a proof of concept that leu-
kotriene B4 receptor antagonist, which in vitro
and in animal studies decreased neutrophil
recruitment to the lungs, unfortunately the study
proved negative in COPD [27].

Although neutrophil counts in sputum have
been widely used to assess possible therapeutic
benefits of drugs for COPD, it has not been fully
validated as a biomarker in COPD because
sputum neutrophil measurements are only weakly
associated with FEV, or with health status [28]
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and there have been no large-scale studies that
have demonstrated its utility in predicting
important health outcomes in COPD such as
exacerbation or mortality [28]. Furthermore,
despite the implication of neutrophils in the
pathogenesis of emphysema, sputum neutro-
phils do not appear to correlate with the extent
of emphysema in COPD patients [28] which
seems to be natural because sputum neutrophil
mainly reflects conditions of large airways not
of lung parenchyma.

Other Sputum Biomarkers

There are other cellular elements in induced spu-
tum that have been used as possible biomarkers
in COPD. These include total cell count and spu-
tum eosinophil and lymphocyte counts [25, 29].
The long-term use of inhaled corticosteroids has
been shown to reduce total cell and lymphocyte
counts, and eosinophilia in induced sputum [25].
However, as with sputum neutrophilia, none of
these measurements has been consistently shown
to predict important health outcomes in
COPD. As such, their usefulness as biomarkers
in COPD remains uncertain.

Some investigators have used supernatants
from induced sputum to measure levels of inflam-
matory and oxidative molecules, which have
been implicated in COPD pathogenesis. These
include interleukin (IL)-8, IL-6, myeloperoxi-
dase, and matrix metalloproteinases (MMP)-9.
However, as with cellular components of induced
sputum, the relationship of these inflammatory
and oxidative stress molecules in sputum to
health outcomes such as COPD progression and
mortality has not been well established.

Fraction of Exhaled Nitric Oxide
(FENO)

Given these limitations of induced sputum,
there has been growing enthusiasm for develop-
ing exhaled gases as biomarkers in COPD [30].
Of these, the best studied has been FENO [31].
In general, FENO shows good specificity as a

diagnostic marker in asthma [32] and a useful
biomarker in assessing severity and control [33]
and in evaluating treatment responses, espe-
cially to inhaled corticosteroids [34, 35]. The
data in COPD are more scarce and generally
less impressive. Levels of FENO are usually
normal or only modestly elevated in COPD,
except during exacerbations [36—38] and have
not been demonstrated to predict important
health outcomes in COPD. Thus, FENO is not a
promising biomarker in COPD. However, with
recent innovations in FENO measurements,
there is renewed optimism of using FENO as a
biomarker in COPD. One such modification is
multiple exhalation flow technique (MEFT),
which allows separate measurement of NO
derived from small airways and alveoli (called
corrected alveolar nitric oxide (CALV)) from
those of larger airways. The subdivision of
FENO into small and large airway compart-
ments is very attractive in COPD as COPD is
thought to involve largely the small airways and
lung parenchyma. A recent study showed that
CALYV was elevated in COPD patients but disap-
pointingly, it was not associated with COPD
severity or smoking status of the patients [39].
Furthermore, CALV was not affected by inhaled
corticosteroid treatment [39]. Additional work
will be needed to understand the value, if any,
that FENO has in COPD.

Other Exhaled Biomarkers

There are a number of other potential biomarkers
from exhaled breath condensate (EBC). EBC pH
is an acidification marker and was reported to be
lower in smokers and COPD than in control non-
smokers. But it failed to differentiate COPD from
smokers without COPD, to relate to disease
severity, and to reflect response to corticosteroids
[40]. Concentrations of leukotriene B4 (LTB4)
and 8-isoprostane, markers of inflammation and
oxidative stress, respectively, were known to
increase in COPD exacerbations and decrease
after antibiotic treatment [41]. LTB4 was further
reported to contribute to neutrophil chemotactic
activity [42]. Another oxidative stress marker,
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hydrogen peroxide, reflected level of oxidative
stress in patients with COPD after exercise, but
its performance in terms of therapeutic response
biomarker is unknown yet [43].

Desmosine/lsodesmosine

While the pathogenesis of COPD is complex and
poorly understood, there is some agreement that
excess breakdown and turnover of extracellular
matrix in the lungs is likely to be very important
for the emphysema phenotype of COPD [44].
The extracellular matrix in the lungs acts as a
three-dimensional scaffold, providing strength
and support for the alveolar units. The extracel-
lular matrix consists mostly of collagens (type 1
and 3), which provide tensile strength, elastin,
which confers flexibility to the lung tissues and
glycosaminoglycans [45]. In the normal lungs,
the collagen fibers tightly wrap around elastic
bands in an orderly manner. However, in COPD,
this structure is disrupted, leading to a “random”
distribution of collagen and elastic fibers [46].
Furthermore, with COPD disease progression,
the ratio of collagen to elastin surrounding the
alveolar units becomes distorted, owing largely
to a severe loss in elastin [46]. The functional
consequence is a loss in elastic recoil pressure
and “floppy” airways. Consistent with these
observations, deletion of the elastin gene in mice
results in emphysematous changes in the lungs
and mutations in the elastin gene in humans (e.g.,
cutix laxa) have been associated with severe early
onset emphysema [47, 48].

Based on these and other findings, there has
been some interest in using markers of elastin
turnover as possible biomarkers in COPD. Of
these, the best studied have been desmosine and
isodesmosine [49]. Because these proteins are
present only in mature elastin, it is thought that
their expression in blood, urine, or sputum mostly
reflects elastin degradation [50]. Consistent with
this theory, injection of pancreatic elastase into
animals leads to an acute loss of elastin and
emphysematous changes in the lungs. Degradation
of elastic fibers in the lungs in turn can be detected
in the urine in the form of desmosine [51]. These

changes have also been noted in mice exposed to
acute cigarette smoke [52]. Interestingly, mice
which are deficient in TNF-a or its receptors are
protected against elastic fiber degradation and
their urinary desmosine excretion is relatively
normal in the presence of cigarette smoke. These
mice are also relatively protected against smok-
ing-induced emphysematous changes in the
lungs [52, 53].

Blood desmosine levels were reported to be
elevated in stable COPD patients compared to
healthy control and asthma patients. It was found
to be in negative relation with lung diffusing
capacity. Moreover, urinary desmosine levels
were reported to be elevated in exacerbations.
[54] Human data, recently reviewed by Luisetti
et al. [49], have been more mixed and less opti-
mistic with some study showing a significant
relationship of urinary (or plasma) desmosine/
isodesmosine to COPD, while others failing to
demonstrate this relationship. The heterogeneity
in the human data reflects in part major differ-
ences in the modalities of measurement (e.g.,
immunoassays versus high-performance liquid
chromatography), the biological source of assays
(e.g., urine versus plasma), and the underlying
clinical characteristics of the patients across the
studies. Furthermore, most of the human studies
to date have been relatively small in scope and
did not consider the large variations in the pheno-
types of the patients. Recently, ECLIPSE
(Evaluation of COPD Longitudinally to Identify
Predictive Surrogate Endpoints) investigators
reported association between serum desmosine
level and cardiovascular mortality in COPD, not
emphysema progression [55]. Notwithstanding
these limitations, the totality of data suggests that
desmosine or isodesmosine is elevated in the
urine of COPD patients [56-58].

Very few studies have evaluated these markers
in therapeutic trials, demonstrating mixed results.
For instance, a study by Stone and colleagues
showed that short-term treatment with alpha-1-
antrypsin replacement therapy led to significant
reductions in urinary excretion of desmosine in
two patients with severe COPD secondary to
alpha-1-antitrypsin deficiency [59]. However, in
another study, the use of alpha-1-antitrypsin
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replacement therapy did not modify urinary
excretion of desmosine in these patients [60]. Ma
and colleagues evaluated plasma, urine, and spu-
tum expression of desmosine and isodesmosine
related to the use of tiotropium, which is a long-
acting muscarinic bronchodilator, and found that
after 2 months of therapy, their expression
decreased in COPD patients [61]. However, all of
these studies contained very small sample sizes,
which reduces the reliability of these reports.
Thus, the possible role of desmosine or isodes-
mosine as biomarkers in COPD remains obscure.
In a phase II trial, oral matrix metalloproteinase
(MMP)-9 and -12 inhibitor has been shown to
reduce urinary desmosine excretion [62]

PGP (Proline-Glycine-Proline),
N-o-PGP

It is increasingly recognized that breakdown
products of collagen in the lungs may be pro-
inflammatory and exacerbate the inflammatory
process in COPD, creating a vicious cycle. One
such molecule produced by collagen metabolism
is PGP. PGP shares structural homology with
alpha chemokines and similarly to these chemo-
kines induces the recruitment of neutrophils into
lungs by stimulating CXCR-1 and most impor-
tantly, CXCR-2 receptors [63], which in turn
augment the inflammatory cascade in the COPD
lungs [64—66]. In mouse models, instillation of
N-acetyl-Proline-Glycine-Proline ~ (N-a-PGP)
into the lungs of mice causes a marked recruit-
ment of neutrophils to the airways and chronic
airway exposure causes COPD-like pathology in
the lungs characterized by alveolar enlargement
and right ventricular hypertrophy [63]. Blockage
of PGP using monoclonal antibody, on the other
hand, suppresses both the in vitro chemotactic
activity and in vivo recruitment of inflammatory
cells into the lungs related to cigarette smoke [63,
67]. Additionally, treatment of these mice with a
complementary peptide, L-arginine-threonine-
arginine (RTR), which binds to PGP sequences,
inhibits neutrophil infiltration and prevents devel-
opment of pulmonary emphysema [68].

Could PGP or N-a-PGP be a useful biomarker
in COPD? On the affirmative side, PGP is detectable

in bronchoalveolar lavage samples of patients
with COPD but not in control individuals [63].
Similarly, these markers are detectable in sputum
samples of COPD patients but not in those of
control subjects [69]. In serum, PGP levels are
also significantly higher in COPD patients than
in controls [69]. Interestingly, patients with cys-
tic fibrosis also have increased PGP expression in
sputum as in COPD, likely related to the intense
neutrophilic inflammation observed in these con-
ditions [64]. However, to date, PGP or N-a-PGP
has not been associated with important health
outcomes in COPD, and they have not been used
in therapeutic trials. Thus, their possible role in
evaluating new products in COPD is uncertain. In
one study, levels of PGP in sputum were highest
during exacerbation and azithromycin treatment
lowered its levels [70]. Similarly, roflumilast has
been reported to reduce sputum AcPGP by more
than 50% in COPD patients with chronic bron-
chitis [71].

Leukotriene A4 Hydrolase (LTA4H)

Leukotriene A4 hydrolase (LTA4H) is an enzyme
released from neutrophils and epithelial cells that
generates leukotriene A4 (LTA4) via its hydrolase
activity in the cytosol. LTA4 is a potent chemoat-
tractant for neutrophils. LTA4H also has a pepti-
dase activity. In the extracellular milieu, it
degrades PGP or N-a-PGP, which, in turn, down-
regulates neutrophilic inflammation. Interestingly,
cigarette smoking inhibits the peptidase but not
the hydrolase activity of LTA4H, thus up-regulat-
ing neutrophilic inflammation [72]. The balance
between these two enzymatic activities of LTA4H
may be important in determining the extent and
duration of neutrophilic inflammation in the lungs
of COPD patients.

Markers of Systemic Inflammation

Although biomarkers can be obtained from any
organ, the most successful ones are from blood
because blood is easy to obtain and its measure-
ments can be standardized. Furthermore, with
modern techniques, high throughput (and
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relatively inexpensive) assays can be developed
for blood-based protein measurements. In
COPD, there are no such blood biomarkers cur-
rently approved for use. Moreover, because
blood samples are usually obtained in periph-
eral veins (e.g., antecubital fossa) and not from
pulmonary veins or arteries, there is concern
that blood biomarkers in COPD may not ade-
quately reflect the disease activity (or severity)
in the lungs, which are the primary sites of dis-
ease in COPD. Nevertheless, there is increasing
evidence that the inflammatory process in the
lungs “spill-over” into the systemic circulation,
which may result in an “inflammatory signa-
ture” in blood related to COPD [73].

C-reactive Protein (CRP)

It is now well accepted that lung inflammation
is an important component in the pathogenesis
of COPD, and this inflammatory process carries
over into the systemic circulation [73].
Accordingly, many groups of investigators are
endeavoring to identify plasma proteins that are
specific to the inflammatory process in COPD
and relate these biomarkers to salient clinical
health outcomes such as exacerbations and
mortality. Of these, the best studied to date is
C-reactive protein (CRP). CRP is a sensitive
but not a specific marker of systemic inflamma-
tion and tissue damage. It has been extensively
studied in patients with ischemic heart disease
and other cardiovascular diseases (CVD) [74,
75] and has been shown to predict CVD mor-
bidity and mortality. Importantly, CRP has also
been shown to be a useful biomarker in guiding
statin therapy for patients who do not have
raised serum cholesterols [76].

CRP may also be useful in COPD [77]. Serum
levels of CRP are associated with health status of
COPD patients [78] and with all-cause, cardio-
vascular, and cancer-specific mortality [79].
Elevated levels are also associated with increased
risk for hospitalization, comorbidity, and mortal-
ity from COPD [80, 81]. During acute exacerba-
tions, CRP levels rise [82]. Oral glucocorticoid
therapy (e.g., prednisone at 30 mg/d for 2 weeks)
reduces serum CRP levels [83]. However, serum

CRP is relatively insensitive to the effects of
inhaled glucocorticoids [84, 85]. Thus, the role of
CRP as a biomarker for therapeutic drugs in
COPD remains uncertain.

Fibrinogen

Fibrinogen is another widely used biomarker of
systemic inflammation. Plasma fibrinogen levels
strongly associate with coronary heart disease
(CHD), stroke, other vascular mortality, and non-
vascular mortality [86]. They also predict future
risk of moderate and severe exacerbations [87]
and hospitalizations from COPD [88]. Moreover,
serum levels of fibrinogen have been found to be
related to mortality in COPD patients [89, 90].
However, plasma fibrinogen levels are not easily
modifiable with medications [91, 92].

IL-6

The main up-stream regulator of CRP, fibrinogen,
and other acute phase proteins such as serum
amyloid A is interleukin (IL)-6 (93). IL-6, along
with other primary inflammatory cytokines like
TNF-a and IL-1p, responds to an acute insult by
orchestrating and unleashing a cocktail of inflam-
matory mediators from the liver and other organs
to contain the insult and protect the body from
harm [93]. In the lungs, IL-6 is synthesized pre-
dominantly by alveolar macrophages and bron-
chial epithelial cells and is released in response to
environmental triggers such as cigarette smoke
and air pollution particles [94]. IL-6 in turn is
accompanied by inflammatory cells including
neutrophils into the lungs and limits the effects of
the environment trigger. The mechanism of neu-
trophil recruitment of lung mediated by IL-6 is
not fully elucidated, but there are data suggesting
transcriptional activation of local chemokines
such as IL-8 through signal transducer and activa-
tor of transcription-3 (STAT3). However, in cer-
tain circumstances, the IL-6 response can become
dysregulated and spill into the systemic circula-
tion, causing acute deleterious effects in the vas-
cular system [95] and contribute to cardiovascular
dysfunction related to acute lung injury [95].
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Given these properties of IL-6, IL-6 has been
investigated as a possible biomarker in
COPD. COPD patients in general have higher
serum IL-6 levels than those without COPD [96,
97]. Serum levels of IL-6 were significantly
related to mortality in COPD patients [98].
However, serum IL-6 as a biomarker is limited in
that it is not lung specific and is widely expressed
throughout the body. Thus, serum IL-6 levels are
poorly responsive to COPD medications and as
such are less than ideal biomarker in COPD.

Serum Amyloid Protein A (SAA)

Serum amyloid protein A (SAA) is another promis-
ing biomarker of COPD exacerbation. This protein
is known to be elevated in patients with exacerba-
tion and decrease over time with recovery [99, 100].

Lung Predominant Proteins

To enhance the specificity of biomarkers, recent
investigations have focused on proteins that are
mostly synthesized in the lungs. These include
surfactant proteins and Clara cell protein-16
(CC-16).

Surfactant Protein D

Surfactant proteins are produced predominantly
by type II pneumocytes. Together with phospho-
lipids they form pulmonary surfactants which act
to reduce surface tension of alveoli preventing
atelectasis. There are four kinds of surfactant
proteins, A, B, C, and D. Of these, surfactant pro-
tein D (SP-D) has been the most widely explored
biomarker in COPD because, dissimilar to other
surfactant proteins, it is hydrophilic and is well
expressed in plasma [101].

Although it has some minor role in regulating
surface tension of alveoli, SP-D’s main function
is to modulate innate immunity [102, 103]. SP-D
is a large multimeric calcium-dependent, collag-
enous glycoprotein that is part of the collectin

family of carbohydrate-binding proteins [104].
SP-D is composed of three polypeptide chains of
43 kDa monomers, which aggregate to form a
stable helical trimeric structure. Each trimeric
structure contains four major domains: a cysteine-
containing cross-linking domain, a carbohydrate
recognition domain, a collagenous domain, and a
peptide linking domain [105]. The main colla-
gens in the trimeric complex are hydroxylysine
and hydroxylysyl glycosides. In most cases, the
trimeric structures are further modified into a
complex quaternary cruciate structure, consisting
of four trimeric subunits that undergo disulfide
cross-linking  within  their amino-terminal
domain, which results in a dodecamer. Under
oxidizing conditions (e.g., in the presence of cig-
arette smoke), cysteine residues in the N-terminus
can become nitrosylated, leading to the disrup-
tion of the multimeric structure into smaller tri-
mers or monomers [106], which unlike the
dodecamers are thought to be pro-inflammatory
and are more likely to pass into the systemic
circulation.

SP-D translocates from the lung into systemic
circulation, which is dependent on several factors
including rate of synthesis and the permeability
of the alveolar-capillary barrier (i.e., lung perme-
ability) [103]. With cigarette smoking, lung per-
meability increases. Thus, in smokers, the serum
level of SP-D is elevated compared to non-
smokers but the concentration in the bronchoal-
veolar lavage (BAL) fluid is reduced [107, 108].
Similarly, with COPD, lung permeability
increases independent of cigarette smoking
[109]. Thus, with COPD progression, lung
expression of SP-D decreases but the ratio of
plasma SP-D to BAL SP-D increases [110].
Importantly, treatment of COPD patients with
inhaled glucocorticoids with or without long-
acting beta-2 agonists or oral glucocorticoids for
4 weeks significantly decreased measurable
serum SP-D levels [109], which in turn is associ-
ated with improved health status of these patients.
Serum SP-D levels may also identify patients at
high risk of recurrent exacerbations [111, 112].
Together, these data suggest that SP-D is a prom-
ising modifiable biomarker in COPD.
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Clara Cell-Derived Protein (CC-16)

Clara cell secretory protein-16 (CCSP, cc-16,
cc-10, uteroglobin) is a member of the secreto-
globin family of secreted disulfide-bridged
dimeric proteins [113]. It is produced almost
exclusively by non-ciliated Clara cells [114,
115], and its main function is to protect the lungs
against oxidative stress and carcinogenesis [114].
Serum levels of CC-16 become elevated after
acute exposure to various environmental triggers
such as cigarette smoke, chlorine, and lipopoly-
saccharides [116]. They can also rise after ozone
exposure and can be suppressed by inhaled glu-
cocorticoids [117]. Interestingly, serum CC-16
levels are relatively low in obliterative bronchiol-
itis, asthma, and in healthy smokers [118-120].
In patients with COPD, serum CC-16 levels are
lower compared to smokers without COPD [121,
122]. It is uncertain, however, whether in COPD,
serum CC-16 levels are modifiable.

Pulmonary and Activation-
Regulated Chemokine (PARC/
CCL-18)

PARC/CCL-18 is protein that is mostly produced
by monocytes, macrophages, and dendritic cells
in lungs [123]. Serum levels of PARC/CCL-18
are elevated in acute coronary syndrome and
idiopathic pulmonary fibrosis [124—126]. Serum
PARC/CCL-18 levels are also significantly ele-
vated in COPD and associated with the risk of
cardiovascular hospitalization and mortality in
mild-to-moderate disease and with total mortality
in more advanced diseases [127]. Importantly,
short-term uses of oral but not inhaled corticoste-
roids can down-regulated systemic expression of
PARC/CCL-18 levels in COPD [127, 128].

Multiple Biomarkers

Finally, it seems very likely that multiple bio-
markers, compared to individual ones, can reflect
pathogenesis, natural course and prognosis, and

response to the therapy more precisely. This is
especially true when thinking about the enor-
mous complexity of COPD in its pathogenesis
and phenotype; the success of BODE index
where multiple clinical factors were combined to
predict its prognosis further raises this possibility
[129]. In a recent study, selected panel of 24 bio-
markers correlated with some clinical markers of
COPD [130]. But there is no report with regard to
validity of multiple biomarkers in evaluating
drug response in this field as yet.

Molecular Biomarkers

Finally, there is a growing effort to find useful
biomarker using gene expression profile. This
approach has already been successful in some
other fields of medicine [131, 132]. In a recent
publication, a set of 220 biomarkers was identi-
fied and predicted disease in an independent data
set with 97% accuracy [133]. The ability to iden-
tify COPD-related molecular processes in gene
expression raises the possibility of serving as bio-
markers of therapeutic response for novel and
existing COPD therapies [134].

Future research effort and regulatory approval
should include (1) the whole-OMIC high
throughput technique to identify and validate
useful biomarkers and (2) the evaluation of assays
in validation of biomarkers in various cells/tis-
sues/samples and evaluation of bioinformatics
tools as suggested by Cazzola [12].

Conclusion

To date, there is no universally accepted bio-
marker in COPD. However, with the assembly
of large cohorts and infusion of capital from
various sources including government agencies
and industry, there is renewed hope of finding a
modifiable biomarker that will be useful in the
discovery of novel compounds to treat
COPD. Since COPD is a heterogeneous disor-
der with multiple different (but related) pheno-
types, it is essential that future endeavors in
biomarker discovery consider these pheno-
types. Although biomarkers can originate from
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Table 9.1 Summary of serum/plasma biomarkers of COPD

Biomarkers Lung function Exacerbation Mortality Modified by drug (s)
C-reactive protein Yes [135] Yes [82] Yes [79, 80] Yes [83]
(CRP)

Interleukin 6 (IL-6) Yes [129] Yes [130] Not known Yes [136]
Fibrinogen Yes [129, 137] Yes [138] Not known Not known
Tumor necrosis factor Not known Yes [82] Not known Not known
receptor 1

Eotaxin 2 Not known Yes [82] Not known Not known
Serum amyloid A Not known Yes [99] Not known Yes [99]
Interleukin 1 (IL-1) Not known Yes [82] Not known Not known
Surfactant protein D Yes [139] Yes [109, 111] Not known Yes [85, 109]
(SP-D)

Clara cell protein Not known Not known Not known Yes [117]
(ccl6)

Pulmonary and Yes [140] Yes [82] Yes [127] Yes [127]
activation-regulated

chemokine (PARC)

any source, sputum and blood are the most
readily available sources and hence appear to
be the most promising sites for large-scale bio-
marker discovery in COPD. However, clearer
understanding of the pathophysiological role of
the putative biomarkers, their variability, and
importantly their relationship to disease pro-
gression are crucial defining factors (Table 9.1).
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Introduction

Significant heterogeneity exists in chronic
obstructive pulmonary disease (COPD) patients
with respect to clinical presentation, physiology,
imaging characteristics, response to therapy, dis-
ease progression, and ultimately survival [1].
While FEV, correlates to many outcomes of
interest, no single measure adequately reflects
this disease complexity. The goal of phenotyping
is to identify patient subgroups with unique char-
acteristics with the ultimate goal of altering clini-
cally meaningful outcomes through targeted
therapeutic approaches. While various defini-
tions have been described, a consensus definition
that was recently proposed defines a phenotype
as, “a single or combination of disease attributes
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that describe differences between individuals
with COPD as they relate to clinically meaning-
ful outcomes (symptoms, exacerbations, response
to therapy, rate of disease progression or death)”
[1]. In many cases, the discovery and validation
of phenotypes occurs through a multi-step pro-
cess (Fig. 10.1) where for instance a unique
group of patients may initially be identified
through a biological or molecular signature and
validated by demonstrating a similar response to
therapy [2].

What follows in this chapter is a discussion of
the “current state” for putative COPD phenotypes
and data to support a relationship between pro-
posed phenotypes and clinically meaningful met-
rics including prognosis, symptoms, and
outcomes in COPD.
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Clinical phenotype
defined by similar

Validation of
molecular marker or
determination of
therapeutic
response in target
population

+/— Development
of therapy

Fig. 10.1 Ideal phenotyping construct wherein candidate
phenotypes are validated once their relevance to clinical
outcomes is established. There are multiple potential
points of entry into this iterative process of phenotype
identification. For instance, similar clinical outcomes may

Clinically Defined Phenotypes

Tobacco Smoke-Associated, Biomass
Smoke-Associated, and Non-smoking
COoPD

Based on the GOLD definition, COPD is charac-
terized by persistent airflow limitation that is usu-
ally progressive and associated with an enhanced
chronic inflammatory response in the airways
and the lung thought to be the result of exposure
to noxious particles or gases [3]. Tobacco is the
principal risk factor and environmental toxin
responsible for disease in most patients with
COPD. The prevalence of COPD in smokers is
approximately 20% as compared to approxi-
mately 4% in nonsmokers [4]. Tobacco smoke
exposure leads to decreases in expiratory flow
through two distinct pathophysiological pro-
cesses: the emphysematous destruction of the
lung parenchyma and/or narrowing and oblitera-
tion of the small peripheral airways [5]. The
Lung Health Study (an interventional smoking
cessation study in smokers with COPD with a
mild degree of airflow obstruction) demonstrated
that the rate of FEV, (forced expiratory volume
in one second) decline was greatest in patients
who smoked the most and least in those who

outcome

Symptomatic, physiologic,
and/or radiologic
characterization
of phenotype

Biologic or molecular
characterization
of phenotype

define a subpopulation that leads to the identification of a
biologic target and focused therapy. Alternatively, the pro-
cess might begin with the differentiation of subgroups
based on a biologic marker that is then validated by simi-
lar clinical response within subgroups [1]

achieved sustained smoking cessation [6] with
smokers losing lung function in a dose-dependent
manner [7].

Compared to nonsmokers, COPD in smokers
has been associated with greater amounts of
emphysema, impaired gas exchange and greater
amounts of chronic sputum production [8].
Classically, cigarette smoke-related COPD is
manifest by upper lobe predominant centrilobu-
lar emphysema though a variety of subtypes have
been described. As an example, the COPDGene
study has identified four subtypes of smokers
with distinct patterns of airway disease and
emphysema that are strongly associated with
COPD-related clinical characteristics including
exacerbations and dyspnea [9]. The first cluster is
the “relatively resistant smoker” characterized by
heavy smoking exposure with no or minimal air-
flow obstruction. Second is “mild upper zone-
predominant emphysema” characterized by mild
airflow obstruction and mild emphysema which
was also found to have a strong genetic associa-
tion with single-nucleotide polymorphism (SNP)
rs 1980057 near the HHIP gene. Cluster 3 repre-
sents “airway-predominant disease” character-
ized by thicker airway walls, lowest average
emphysema of all clusters and high BMI. Cluster
4, “severe emphysema,” is characterized by high
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emphysema, gas trapping, and severe airflow
obstruction. It is associated with the lowest BMI,
highest lifetime pack-years exposure, and oldest
average age. A strong genetic association is seen
with SNP rs8034191 in the chromosome 15q
locus that includes the nicotinic receptor genes
[9]. Clearly, tobacco cessation should be a pre-
dominant focus of treatment plan in all patients
although we do not know whether the smoking
cessation approach should be tailored to a
patient’s genetic variation in SNPs associated
with nicotine dependence. One problem with this
type of approach is that it can be difficult to sepa-
rate differences due to differences exposure, dis-
ease severity, and disease biology.

A substantial proportion of COPD cases can-
not be explained by smoking, especially among
younger persons, females, and residents of devel-
oping countries [10]. In multiple population-based
studies, approximately 30% of all cases of COPD
occur in never-smokers [8]. Factors indepen-
dently associated with COPD in nonsmokers
include increasing age, a diagnosis of asthma,
and severe childhood respiratory disease.
Secondhand (also known as environmental) and
biomass smoke exposure are additional gender-
specific risk factors for women in non-smoking-
related COPD [8]. For women in the developing
world, where fuels such as coal and biomass are
used for indoor cooking and heating, several
studies have reported an association between
exposure to biomass smoke and COPD [11].
Alternative risk factors for COPD include genetic
factors, outdoor air pollution, secondhand smoke
exposure, occupational exposures, diet, and
tuberculosis [10]. Respiratory symptoms such as
chronic cough, chronic phlegm, wheeze, and
exertional dyspnea are features of COPD regard-
less of smoking status though are more frequent
in ever-smokers [8]. However, the burden of
COPD exacerbations has been shown to be
equally prevalent, occurring in approximately
30% of ever-smokers and never-smokers with
COPD [8]. While nonsmokers exhibit a similar
respiratory symptoms profile to that seen in
smokers, they demonstrate different radiologic
and physiologic presentations.

In studies comparing radiologic phenotypes
between tobacco smoked-exposed and biomass
smoke-exposed patients matched for lung function,

biomass-exposed individuals demonstrate more
air trapping, peri-bronchial thickening and less
emphysema than the tobacco-exposed group,
suggesting an airway-predominant phenotype
[12—-14]. The early exposure and repeated respi-
ratory infections associated with biomass smoke
exposure may alter the structure and function of
the airway walls and may predispose biomass
smoke-exposed individuals to a different COPD
phenotype as adults compared to tobacco smok-
ers who may begin smoking at an older age.

Chemical composition, age of exposure, and
inhalation pattern have all been suggested as fac-
tors that contribute to variable phenotypes
between tobacco smoke- and biomass smoke-
related COPD [12]. Compared to tobacco smoke
COPD, those with disease related to biomass
smoke exposure have more cough, sputum, and
air trapping on CT scan.

Alpha-1 Antitrypsin Deficiency

Severe alpha-1 antitrypsin deficiency (AATD) is a
well-established genetic risk factor for COPD in
both smokers and nonsmokers. Alpha-1 antitryp-
sin (AAT) is a protease that inactivates neutrophil
elastase. High-risk genotypes include S, Z, and
null alleles. It has been estimated to be responsi-
ble for approximately 2-3% of cases of COPD
[15]. The classic clinical phenotype is a young
COPD patient, often a smoker, with lower lobe
predominant emphysema and a family history of
emphysema. Chest imaging frequently demon-
strates a predominantly lower lobe distribution of
emphysema with a panacinar pattern, different
than the more common centriacinar pattern. In
subjects homozygous for the AAT Z allele, ciga-
rette smoking leads to a markedly increased risk
of COPD and reduced survival. Non-smoking PI
Z subjects are also at increased risk for develop-
ing COPD although to a lesser degree [16—19].
While the classic homozygous Z phenotype is
associated with early-onset lower lung predomi-
nant, the heterozygous SZ patients are less sus-
ceptible to tobacco smoke and may have a clinical
phenotype more consistent with “usual” COPD
demonstrating upper lobe predominant emphy-
sema [20]. Currently, treatment for AATD incor-
porates not only bronchodilator therapy but also a
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mechanism-directed treatment approach using
clinical presentation in addition to serum AAT
concentration, AAT protein phenotyping, and
AAT genotyping to guide decision-making for
treatment with AAT replacement therapy [21].

Chronic Bronchitis

Chronic bronchitis in the COPD population has
been estimated to be between approximately 7

and 40%, depending on how it is defined. The
most well-recognized definition for chronic bron-
chitis is the presence of chronic cough and sputum
production for 3 months a year, for 2 consecutive
years [22]. Chronic bronchitis is also present in
the non-COPD population with cigarette smoking
as a well-established shared risk factor for both
obstructed and non-obstructed individuals [23].
Table 10.1 summarizes studies examining preva-
lence of chronic bronchitis in both the COPD and
non-COPD patient populations.

Table 10.1 Summary of studies estimating the prevalence of chronic bronchitis [33]

Study

Patients

Findings

Lange et al., 1989 [34]

General population, Copenhagen;
12,698 adults

Bronchial hypersecretion: 10.1%

Sobradillo et al., 1999 [35]

General population, Spain; 4035
adults aged 40-69 years

Cough: 13.5%
Expectoration 10.7%
Chronic bronchitis 4.8%

Pallasaho et al., 1999 [36]

Random sample, Finland; 8000
patients aged 20-69 years

Productive cough: 27%

Von Hertzen et al., 2000 [37]

Random patients, Finland; 7217
patients aged >30 years

Chronic bronchitis and/or emphysema:
22% in men, 7% in women

Cerveri et al., 2001 [38]

General population, Europe; 17,966
patients aged 2044 years

Chronic bronchitis: 2.6% (range
0.7-9.7% across countries)

Janson et al., 2001 [39]

Multinational; 18,277 patients aged
20-48 years

Productive cough: 10.2%

Huchon et al., 2002 [40]

General population, France; 14,076
patients

Chronic bronchitis: 4.1%
Chronic cough and/or expectoration:
11.7%

Lundback et al., 2003 [41]

5892 patients from OLIN study
cohort

Chronic productive cough: 60% in
COPD patients

Miravitlles et al., 2006 [42]

General population, Spain; 6758
adults aged >40 years

Cough: 5% in never-smokers, 11% in
smokers or ex-smokers
Expectoration: 4% in never-smokers,
11% in smokers and ex-smokers

Pelkonen et al., 2006 [43]

Finnish cohort of 1711 adult men
aged 40-59 years

Incidence of chronic productive cough:
42% current smokers, 26% past
smokers, 22% never-smokers

De Marco et al., 2007 [44]

International cohort of 5002 patients
aged 20—44 years with normal lung
function

Chronic cough/phlegm production:
9.2%

Miravitlles et al., 2009 [45]

Population-based sample, Spain;
4274 adults aged 40-80 years

Chronic cough: 3.4%
Chronic sputum production: 11.7%

Harmsen et al., 2010 [46]

Danish cohort of 29,180 (in 1994)
and 21,130 (in 2004) twins aged
1241 years

Cumulative prevalence of chronic
mucus secretion over 10 years of study,
10.7% in women and 8.7% in men

Kim et al., 2011 [47]

US cohort of 1061 adults current or
former smokers with COPD

Chronic bronchitis: 27.3%

Martinez et al., 2014 [48]

US cohort of 5858 adults past or
previous smokers without airflow
obstruction

Chronic bronchitis: 34.6%
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Biomass smoke exposure may also contribute
[12-14]. Genetic factors are likely at play as
genome studies have identified a single-nucleotide
polymorphism associated with chronic mucus hyper-
secretion on chromosome 3 [24]. Radiographically,
chronic bronchitis is associated with greater airway
disease manifest by higher bronchial wall thick-
ness-to-diameter ratios [25].

In the COPDGene cohort, in addition to cur-
rent smoking, allergic rhinitis, acute bronchitis,
asthma, male gender, and Caucasian race (as
opposed to African American race) were also
associated with clinical phenotype of chronic
bronchitis [26]. In this analysis, COPD subjects
with chronic bronchitis were also more likely to
have allergic nasal and ocular symptoms, higher
exacerbation frequency, worse health-related
quality of life, and lower 6-minute walk distance
as compared to COPD patients without chronic
bronchitis [26]. Most importantly, identification
of the chronic bronchitis phenotype has impor-
tant therapeutic implications.

Roflumilast, an oral phosphodiesterase-4
inhibitor, has been found to be most effective in
patients with a chronic bronchitis phenotype and
a history of repeated exacerbations [27, 28].
PDE-4 inhibitors such as roflumilast are believed
to reduce airway inflammation through a variety
of mechanisms [29-32]. While initial clinical tri-
als showed inconsistent effects of PDE-4 inhibi-
tors on clinically relevant outcomes such as
frequency of acute exacerbation in all-comers
with COPD, follow-up studies have demonstrated
improved lung function and reduction in fre-
quency of exacerbations in patients specifically
with chronic bronchitis symptoms and severe air-
flow obstruction [27]. Use of roflumilast in this
patient population results in reduced frequency
of exacerbation, modest improvements in FEV,,
and improved dyspnea scores [27].

Asthma COPD Overlap Syndrome
(ACOS)

Asthma COPD overlap syndrome (ACOS) is
becoming increasingly recognized as a unique clin-
ical subgroup but definitive criteria for identifying

these patients are still evolving. Proposed defini-
tions vary in complexity from “airflow obstruc-
tion that is not completely reversible, accompanied
by symptoms or signs of increased obstruction
reversibility” [49] to the presence of discrete
major and minor criteria [50]. Clinically, patients
with ACOS tend to be younger than those with
COPD but older than those with “pure” asthma
and have less smoking history than typically seen
in traditional COPD [51]. They often demonstrate
features associated with asthma including wheez-
ing, atopy, elevated total immunoglobulin (Ig) E
levels, and allergic problems such as allergic rhi-
nitis and hay fever [52, 53]. Airway inflamma-
tion tends to be more eosinophilic than the usual
neutrophilic inflammation described in COPD
patients [54]. Pulmonary function testing also
reveals a higher carbon monoxide diffusing
capacity (DLCO) and more pronounced acute
bronchodilator response [54, 55]. On HRCT,
patients clinically identified with ACOS have
more air trapping, less emphysema, and greater
bronchial wall thickening [52, 56].

Part of the difficulty in creating criteria to
identify these overlap patients is the heterogene-
ity that already exists within both asthma and
COPD. For instance, not all asthmatics fit the
typical eosinophilic, steroid-responsive profile
[51]. Smoking asthmatics may fit a profile more
consistent with traditional COPD including mini-
mal lung function improvement with inhaled cor-
ticosteroids (ICS) [57-59]. However, in general,
ACOS represents a group of COPD patients who
are more likely to receive greater benefit from
ICS, regardless of FEV, severity and exacerba-
tion history, due to it ascribed features (eosinoph-
ila, bronchodilator responsiveness) [51].

Gender

Gender has been linked to disease susceptibil-
ity, symptoms, exacerbations, rate of progres-
sion, extent and distribution of airway
abnormalities, and mortality in COPD. Several
studies have demonstrated that women suffer
more severe airflow limitation than men for a
given tobacco exposure and are disproportionately
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represented among COPD patients without a his-
tory of significant smoking [60, 61]. The physi-
ologic changes of COPD may also affect
women and men differently in terms of symp-
toms and quality of life [11]. For a similar
degree of physiologic impairment, several stud-
ies suggest women experience more severe dys-
pnea and worse health-related quality of life
than men [62-64]. Additionally, the experience
of symptoms may be further modified by gen-
der-associated COPD comorbidities, with
women for instance experiencing higher rates
of anxiety and depression [11]. Female gender
and the presence of anxiety and depression
have both been independently linked to hospital
readmissions for COPD exacerbations [11, 65].
Several studies have also demonstrated an
increased frequency of exacerbation in women;
however, it remains unclear if this is related to
disease biology or difference in reporting pat-
terns [66, 67]. From a physiologic perspective,
data from the National Emphysema Trial sug-
gest that men and women may respond differ-
ently in the type and location of lung damage
due to tobacco exposure. In a population of
patients with severe emphysema, women dem-
onstrated less severe overall emphysema though
on histologic examination had significantly
thicker bronchiole airway walls. Work needs to
be done to understand the therapeutic implica-
tions of these data. We do know that the effects
of smoking cessation, the most impactful inter-
vention for patients with COPD, vary by on
gender. Smoking cessation benefits women
more in regard to lung function (improvement
in FEV,) though men have greater improve-
ment in symptoms. Unfortunately, multiple
studies suggest women have greater difficulty
in sustaining long-term abstinence from tobacco
use but it may be more important [68].

Comorbidities

Accumulating data suggest that comorbidities
must be included in the assessment of COPD
with conditions such as cardiovascular disease
and osteoporosis that are more prevalent in the

COPD population and conditions such as obstruc-
tive sleep apnea (OSA) that may modify the dis-
ease course.

Cardiovascular Disease

Ischemic cardiovascular disease continues to be a
leading cause of death in COPD [69]. While
tobacco use is a shared risk factor, epidemiologic
evidence suggests that impaired lung function
itself is an independent risk factor for cardiovas-
cular mortality, even when adjusted for smoking
status [70]. Data from the National Health and
Nutrition Examination Survey demonstrated that
patients in the lowest FEV, quintile had the high-
est risk of cardiovascular mortality (RR 3.36),
even after adjustment for smoking status, blood
pressure, BMI, and presence of diabetes [70]. In
patients with COPD, FEV, predicts the presence
of atherosclerosis [71] as well as cardiovascular
mortality [72, 73]. COPD is also a risk factor for
hospitalization due to cardiovascular events [74].
The characterization of atherosclerosis as a dis-
ease of systemic inflammation helps may explain
the connection to COPD [75]. Elevated C-reactive
protein (CRP) levels correlate not only with the
presence of COPD but also with the presence of
exacerbations, severity of lung function, and risk
for hospitalization and death [76]. Cardioselective
beta-blockers, frequently used in patients with
cardiovascular disease, have traditionally been
used with caution in patients with COPD due to
the theoretical risk of worsening bronchospasm.
However, more recent data has suggested that
beta-blockers may actually reduce all-cause mor-
tality in COPD [77-79]. The use of other cardio-
vascular disease medications including statins
alone or in combination with angiotensin-
converting inhibitor or angiotensin receptor
blockers has also been shown to improve overall
mortality and reduce hospitalizations in several
COPD cohort studies [80, 81].

Musculoskeletal Disease

Cachexia defined as a loss of fat and muscle tis-
sues can be seen in severe COPD, with a reported
prevalence of 5-15% [82]. Weight loss and mus-
cular wasting play a role in low exercise capacity
seen in COPD [83]. Additionally, low BMI is an
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important independent predictor of increased
mortality in patients with COPD [84]. The prog-
nostic effect of BMI is further supported by its
inclusion in the BMI, airflow obstruction, dys-
pnea, and exercise capacity (BODE) index, which
is one of the best mortality prediction indices in
COPD [85]. Several studies have also correlated
low BMI with greater extent of emphysema on
HRCT, confirming its association with the classic
pink puffer phenotype [86]. Conversely higher
BMI has been associated with the presence of
chronic bronchitis and HRCT indicators of
airway disease [47]. Body composition is impor-
tant in the assessment of COPD patients as the
negative effect of low body weight on survival
can be reversed by appropriate therapy in some
COPD patients [87]. A relationship between
increased mortality and low fat-free mass index
(FFEMI) has also been demonstrated, even in sub-
jects with a normal BMI [88]. In fact, patients
with low FFMI are often more severely disabled
than COPD patients with low BMI and normal
FFMI [89]. FFMI has been shown to be a strong
predictor of peripheral skeletal muscle weakness,
exercise capacity, and reduced health status [90—
94]. In regard to exercise capacity, FFMI has
been shown to correlate more specifically with
6-minute walk distance [95, 96]. Greater FFMI
has also been inversely associated with emphy-
sema extent on HRCT [86]. Assessment of FFM
is important in patients referred to pulmonary
rehabilitation, as exercise training results in a sig-
nificant gain in FFM in normal-weight COPD
patients [97].

As with low BMI, osteoporosis and low bone
mineral density seems to be more strongly related
to the presence and severity of emphysema, but
not related to the severity of chronic bronchitis or
airway wall thickness as assessed by HRCT [98].
A clear association has been shown between
osteoporosis and COPD with studies suggesting
a two- to five-fold increase in prevalence of
osteoporosis in patients with COPD compared
with age-matched controls [99, 100]. There are
multiple shared risk factors between COPD and
osteoporosis that likely influence this association
including oral and inhaled steroid use, smok-
ing, low body mass index (BMI), and physical

inactivity [101]. However, low bone mineral den-
sity has also been shown in patients with COPD
even in the absence of systemic steroids [101].
Pulmonary rehabilitation improves the functional
status of patients with COPD and may diminish
fracture risk by decreasing the risk of falls, but
has not been shown to increase bone mineral den-
sity directly [102].

Diabetes

Diabetes is another comorbidity with increased
prevalence in COPD. Lung function impairment
has been associated with the coexistence of meta-
bolic syndrome, insulin resistance, and the devel-
opment of diabetes [103—105]. This association
remains even after adjustment for BMI and
smoking. The exact cause of this association is
not known, but data implicates inhaled cortico-
steroids (ICS). While some studies have sug-
gested a dose-dependent association between
inhaled corticosteroid use and diabetes control
and new onset diabetes, [106] a retrospective
analysis of eight COPD trials and 26 asthma tri-
als found no association between ICS and hyper-
glycemia [107]. A higher prevalence of diabetes
has been seen with airway-disease-predominant
COPD phenotype compared with emphysema-
predominant phenotype [108]. Patients with
airway-predominant disease also demonstrated a
higher BMI and less frequent osteoporosis.
Certain inflammatory mediators such as interleu-
kin 6 (IL-6) and tumor necrosis factor-alpha
(TNF-a) have been implicated in both bronchial
inflammation and insulin resistance [2]. While
data supports a relationship between certain met-
abolic pathways and COPD phenotypes, the
exact pathways and therapeutic implications are
currently unknown.

Gastroesophageal Reflux Disease

The association between gastroesophageal reflux
disease (GERD) and COPD is also recognized.
The presence of heartburn, regurgitation, and
dysphagia has been found with higher frequency
in patients with COPD compared with controls
[109, 110]. Studies including esophageal pH
monitoring have demonstrated that the actual
proportion of GERD in the COPD population is
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higher than estimates based on symptoms alone.
Both cross-section and longitudinal studies have
reported associations between the presence of
reflux and poor quality of life in COPD [111].
GERD has also been identified as a risk factor for
COPD exacerbations [66, 112] and is specifically
associated with the chronic bronchitic phenotype
discussed previously. The presence of GERD is
associated with increased symptoms, poorer
quality of life, and increased frequency of exacer-
bations; associations which are maintained after
controlling for PPI use [113]. Unfortunately, only
limited data suggest that treatment of GERD may
reduce the risk of exacerbations [114].

Obstructive Sleep Apnea (OSA)

In patients with COPD, the prevalence of obstruc-
tive sleep apnea has been estimated to be 16%
[115], compared to an estimated 9% in women
and 24% in men in the general population [116].
However, poor sleep quality, decreased sleep effi-
ciency, and difficulties in initiating and maintain-
ing sleep have been reported in more than 40% of
patients with COPD [117]. In general, COPD
patients with OSA are more severely hypercap-
nic, demonstrate more profound and frequent
nocturnal oxygen desaturation, and have a higher
risk of pulmonary hypertension [118]. Untreated
OSA is also a risk factor for poor quality of live,
acute exacerbations, and increased all-cause
mortality [119, 120]. Diagnosis of OSA in COPD
is important as initiation of continuous positive
airway pressure therapy for patients with overlap
has been associated with both decreased frisk of
death and decreased incidence of severe exacer-
bations [119].

Depression and Anxiety

Coexistent depression and anxiety are seen in at
least 10% of the general COPD population [121,
122]; however, with significantly higher esti-
mated in patients with severe COPD [123]. Risk
factors for depression in COPD include disease
severity, limited mobility, low BMI, comorbid
conditions, the need for supplemental oxygen,
and female gender [124, 125]. COPD patients
with comorbid anxiety are at risk for COPD
exacerbations and higher morality [126], while

depressive symptoms are associated with
increased risk of death [127, 128]. While specific
therapies for anxiety and depression have not
been shown to improve COPD outcomes, pulmo-
nary rehab has been shown to improve anxiety
and depression in addition to overall quality of
life and functional capacity [129].

Two general patterns of clinical features and
comorbidities have been proposed which may
represent unique phenotypes: [1] emphysema,
low BMI and osteoporosis and [2] chronic bron-
chitis, airway disease, high BMI, OSA, and dia-
betes [2]. However, it is still unclear if these
associations are related to specific mechanistic
pathways that could lead to development of tar-
geted therapies.

Physiologically Defined Phenotypes

Spirometric indices, including FEV,, FVC, and
their ratio, are used to define the presence and
severity of disease. While pulmonary function
explains less than 10-25% of disease impact on
symptoms, quality of life, and exercise perfor-
mance [130-132], FEV, remains an important
outcome measure in COPD. Moreover, rapid
physiologic progression as indicated by a change
in FEV, may indicate a distinct phenotype. A
more rapid decline in FEV, has been associated
with morbidity, mortality, and hospitalization
rates in COPD [133] and also has been linked to
distinct plasma biomarker signatures [134]. The
rate of FEV, decline has been associated with air-
way reactivity, exacerbations, and possibly a
chronic inflammatory state [135-139]. There has
been conflicting data regarding the role of inhaled
corticosteroids in reducing decline in FEV, [140,
141]. Some genetic associations have also been
seen, particularly with accelerated decline in
FEV, in smokers with alpha-1 antitrypsin defi-
ciency [142]. Additionally, a single nuclear poly-
morphism has been identified in the A disintegrin
and metalloprotease 33 (ADAM33) gene, a sus-
ceptibility gene for asthma, that is associated
with decline in FEV, in COPD [143]. While
smoking cessation remains the best treatment for
preventing FEV1 loss [133], it is unclear whether
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other currently available medications are effec-
tive in slowing lung function decline although
several studies suggest bronchodilators and
inhaled bronchodilator/corticosteroid combina-
tions may be effective, particularly in moderate
disease [144, 145].

GOLD defines an exacerbation as an event
characterized by a change in the patient’s base-
line dyspnea, cough, and/or sputum production
that is beyond normal day-to-day variation, is
acute in onset, and may warrant a change in regu-
lar medication in a patient with underlying COPD
[146]. In literature, exacerbations are often
defined functionally (and not biologically) as
“health care utilization” events requiring treat-
ment with antibiotics, systemic corticosteroids,
or both [147]. The natural history of COPD is
punctuated by exacerbations that appear to be
associated with accelerated decline in lung func-
tion [136, 137], reduced physical activity, poorer
quality of life, increased health care utilization,
and increased risk of death [148-151]. The
Evaluation of COPD Longitudinally to Identify
Predictive Surrogate Endpoints (ECLIPSE)
cohort study demonstrated that while increased
exacerbations occur as lung function declines,
certain individuals demonstrate a relatively stable
susceptibility phenotype irrespective of lung
function [66]. Other factors identified as being
associated with increased exacerbation frequency
included a history of GERD, poorer quality of
life, and elevated white blood cell count [66].
Controlled trials have shown that pharmacother-
apy can reduce exacerbations [144, 152], which
should be applied to all patients with the frequent
exacerbation phenotype across all disease
severities.

While COPD has been characterized as a dis-
order with airflow obstruction that is not fully
reversible [146, 153], the presence of bronchodi-
lator reversibility has been confirmed in patients
clinically diagnosed with non-asthmatic COPD
and may be clinically relevant [154—156]. There
are various spirometric criteria for bronchorev-
ersibility. The American Thoracic Society (ATS)/
European Respiratory Society (ERS) defines
bronchoreversibility as an increase in FEV,
greater than or equal to 200 mL and greater than

or equal to 12% absolute volume [157]. Alternate
physiological criteria include a greater increase
in FEV, or FVC (greater than or equal to 400 mL)
and a 12% increase in either variable [147].
While bronchodilator reversibility defined as
change in FEV, may be less common with an
emphysema-dominant phenotype [147, 158],
there is a small subgroup of patients with severe
emphysema that meets ATS/ERS criteria for
bronchoreversibility. However, the quantity of
emphysema determined by HRCT is a negative
predictor of meeting volume-guided bronchorev-
ersibility criteria [147]. In the severe emphysema
population, bronchoreversibility as defined by a
change in FEV, is infrequent, varies over time,
and is more common in males and those with less
severe emphysema. The proportion of patients
meeting bronchoreversibility criteria varies by
the physiological criteria used to define a positive
response, with a propensity for an increase in
FVC in patients with emphysema [147].

The true impact of bronchoreversibility on
clinically meaningful outcomes such as lung
function decline and exacerbation frequency is
controversial. The ISOLDE (Inhaled Steroids in
Obstructive Lung Disease in Europe) and Lung
Health Study data suggest that bronchoreversibil-
ity is not associated with accelerated decline in
pulmonary function [159] or the number of exac-
erbations [154]. However, in patients with alpha
1 antitrypsin deficiency, bronchoreversibility has
been associated with a greater rate of decline in
FEV, [160]. Studies in relatives of COPD patients
have shown familial clustering of spirometric and
bronchodilators  responsiveness  phenotypes
[161-166] and a genome-wide linkage analysis
has suggested that bronchoreversibility can be
linked to a specific COPD genotype [167], which
increases its utility as meaningful phenotype.

In addition to the above, several other physio-
logic parameters have been identified that predict
clinically meaningful outcomes. Airway hyper-
responsiveness has been associated with more
rapid longitudinal decline in lung function [147,
158], while hyperinflation has been related to
mortality and functional impairments [168, 169].
Diffusing capacity impairment is an independent
predictor of the extent of radiologic emphysema
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[170], the presence of resting hypoxemia,
exercise-induced arterial oxygen desaturation
[171], and functional impairment [172]. Whether
these parameters are truly reflective of a unique
biologic processes is unclear and represent pos-
sibilities for unique therapeutic interventions is
unknown [173, 174].

Radiographically Defined
Phenotypes

Chest radiography and computed tomography
(CT) are the two imaging modalities most com-
monly used in COPD. Chest radiography is nei-
ther sensitive nor specific for the diagnosis of
COPD, but can reveal some characteristic fea-
tures including radiolucency, diaphragmatic flat-
tening, and hyperinflation. Chest CT allows for
better detection and quantification of emphysema
and can reveal thickened airways indicative of
bronchial thickening. CT has also been used as a
noninvasive tool to investigate the heterogeneous
manifestations of COPD as they correlate to the
clinical phenotypes discussed above.

Lung hyperinflation in COPD impairs chest
wall and respiratory muscle mechanics, increases
breathlessness, impairs weaning from mechani-
cal ventilation, decreases exercise performance,
and increases mortality [175]. This led to the

development of techniques aimed at decreasing
the markedly increased lung volumes seen in
emphysema and ultimately lung volume reduc-
tion surgery (LVRS) [176-181]. The National
Emphysema Treatment Trial (NETT) was a mul-
ticenter prospective randomized controlled trial
that compared optimal medical treatment, includ-
ing pulmonary rehabilitation, with optimal medi-
cal treatment plus LVRS in patients with severe
emphysema [158, 182]. NETT demonstrated
how physiological and radiographic phenotypes
can predict patient survival as well as response to
treatment. In COPD patients with upper lobe pre-
dominant emphysema and a low exercise capac-
ity post-rehabilitation, LVRS improved survival
and quality of life, as compared to those with
upper lobe disease and high exercise capacity or
COPD patients with non-upper lobe predominant
disease regardless of exercise capacity [183]. CT
imaging is required to assess emphysema extent
and distribution for the purposes of lung volume
reduction surgery [158].

Several studies have demonstrated a strong rela-
tionship between emphysema and both lung func-
tion decline [184, 185] and mortality [186, 187]
(Table 10.2). Bronchial thickening seen on CT also
has a strong correlation with symptoms [188].
Visually identified bronchiectasis may be associ-
ated with an increased risk of death compared to
COPD patients without bronchiectasis [189].

Table 10.2 Summary of studies examining the relationship between emphysema and mortality

Population Risk factor Hazard ratio Outcome
Zulueta et al., [186] | Smokers Presence/absence visually |9.3% Death from COPD
n=9046 scored emphysema 1.7 Death from lung cancer
Haruna et al., [187] |COPD n =251 | Emphysema >32% 1.52° (p <0.001) | All-cause mortality
Upper lobe emphysema 1.55 (» < 0.001)
>42%
FEV1% 10-35% 1.25 (p = 0.08)
Johannessen et al., | Ever-smokers Emphysema 3-10% 56 months less All-cause mortality©,
[190] n =974 (49% survival (p < 0.05) | respiratory©,
with COPD) Emphysema >10% 67 months less cardiovascular®, cancer
survival (p < 0.05) | and lung cancer

Table from “Clinical correlations of CT Imaging in COPD” [191]

*Adjusted for age and smoking history

°In multivariate models including age, emphysema, BMI, FEV 1, RV/TLC, and DLCO/VA, only age and %LAA (low
areas of attenuation) were significant predictors of mortality from respiratory disease. In models examining all-cause

mortality, BMI, age, LAA% were all predictive

¢Significant also in models adjusted for sex, interaction between sex and %LAA, COPD status, post-bronchodilator
FEV! %predicted, age, smoking status, and inflation level for emphysema <10% group only
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Different radiographic features have been uti-
lized to define different physiologic parameters,
which are associated with a variety of clinical
outcomes. It is the airways less than 2 mm in
diameter, that are thought to be the site of airflow
obstruction in COPD [192], which unfortunately
is below the limit of resolution for CT imaging.
COPD’s effects on small airways can be quanti-
fied indirectly through the measurement of air
trapping using both inspiratory and expiratory
images on chest CT [193-195]. One of these
methods, the ratio of expiratory to inspiratory
mean lung density has been found to correlate
with spirometric measure of air trapping (ratio of
residual volume to total lung capacity) [196] and
has been shown to correlate with clinical out-
comes including six-minute walk distance, dys-
pnea, and BODE score [197].

Pulmonary vascular disease has classically
been described as a phenomenon of severe
COPD. The total cross-sectional area of small
pulmonary vessels assessed with CT has signifi-
cant correlation with pulmonary artery pressures
assess via right heart catheterization [198].
Pulmonary vascular abnormalities may also
occur earlier in COPD and have clinical signifi-
cance. In fact, CT detected pulmonary artery
enlargement, defined as ratio of the diameter of
the pulmonary artery to the diameter of the aorta,
has been shown to identify patients at risk of
COPD exacerbation [199].

Biologically Defined Phenotypes

While the term phenotype encompasses the clini-
cally relevant properties of the disease, it does
not necessarily defined a distinct to disease etiol-
ogy or pathophysiology. Alternatively, endotypes
describe subtypes of a disease defined by an
intrinsically distinct pathogenetic mechanism
[200]. Endotypes can then be utilized to identify
biomarkers and potential novel therapeutic
approaches [200]. Linking of endotypes to
clinical phenotypes and to endotype-specific bio-
markers will be crucial because phenotypes and
biomarkers are more accessible to clinicians than
endotypes [201] (Fig. 10.2).

Endotype identification in COPD is still in its
relative infancy, but several possible endotypes
have been identified. As previously discussed, the
asthma-COPD overlap phenotype is a clinically
apparent entity. A specific airway epithelial gene
expression pattern that has previously been noted
in Th2 inflammation in asthma has also been
noted in COPD to correlate with decreased lung
function, increased airway eosinophil counts,
greater blood eosinophil percentage, bronchodi-
lator reversibility, and improvement in hyperin-
flation with corticosteroid treatment [203].
Interestingly, the presence of Th2-associated sig-
nature is not predicted by a clinical history of
asthma.

Exposome

Risk factors
avoidance

- Symptom
Clinical phenotype
P yp driven Tx
A
Y
Endotype B.iomarker-
directed Tx
Genome

Fig. 10.2 Interrelations between exposome, genome,
endotype, and clinical phenotype of COPD—Diagram of
the interrelations (thin black arrows) between the expo-
some (the totality of human environmental exposures,
from conception onwards [202]), genome (the genetic
background of the individual), the endotype (biological

networks that enable and restrict reactions), and the clini-
cal phenotype (final clinical expression of the disease,
e.g., symptoms, exacerbations, response to treatment, rate
of disease progression, or death). Large arrows represent
different treatment strategies. COPD chronic obstructive
pulmonary disease, 7x treatment [200]
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Related to this concept, previous studies in
patients with COPD have also shown that eosino-
philic airway inflammation is associated with
acute exacerbations of COPD [204, 205] and can
also predict a beneficial response to treatment
with corticosteroids [206—209]. Eosinophilic air-
way inflammation can be seen in 10-20% of
patients with COPD during both stable periods
and acute exacerbations [204, 205, 207, 210,
211]. The use of corticosteroid therapy to reduce
concentrations of airway eosinophils decreases
frequency of severe acute exacerbation [205].
Benralizumab, an anti-interleukin-5 receptor
(alpha) monoclonal antibody, depletes blood and
sputum eosinophils [212, 213] and has been
investigated as a therapeutic to decrease the fre-
quency of acute exacerbation in COPD. Similar
to roflumilast, a recent Phase II study of benrali-
zumab compared to placebo did not reduce the
rate of acute exacerbations; however, subgroup
analysis support further investigation in patients
with COPD and eosinophilia, which may repre-
sent a future target for directed therapy [214].
These data suggest several biomarkers related to
inflammatory patterns seen in asthma have the
potential to identify individuals with COPD who
may be candidates for directed therapies.

Alpha-1 antitrypsin deficiency, as described
above also meets criteria for an endotype of
COPD. It has known genetic foundation, distinct
clinical characteristics, characteristic histopa-
thology, distinct epidemiology, and a mechanism-
directed treatment approach that is guided by
biomarkers, serum alAT concentration, alAT
protein phenotyping, and al AT genotyping [200].

Other possible endotypes in COPD are also
under current investigation. COPD has been
associated with signs of local inflammation in the
airways involving neutrophils, macrophages, and
T-cells [215]. Additionally, signs of systemic
inflammation involving neutrophils have been
linked to the clinical course of smoking-related
COPD [215, 216]. Local cytokine signaling by T
helper (Th)17 cells via Interleukin (IL)-17 is
important for antibacterial host defense in the air-
ways. In smokers with COPD including chronic
bronchitis, systemic cytokine signaling via IL-17
appears to be impaired, and this alteration may be
linked to colonization by opportunistic pathogens

in the airways [217]. Further studies are needed
to validate and evaluate potential therapeutic
implications.

The six inflammatory biomarkers most stud-
ied in COPD include white blood cell (WBC)
count, C-reactive protein (CRP), interleukins 6
(IL-6) and 8 (IL-8), fibrinogen, and tumor necro-
sis factor-alpha (TNF-o) [218]. A subgroup of
COPD patients has been identified with persis-
tently elevated inflammatory biomarker levels
that, despite relatively similar lung function
impairment, had significantly increased all-cause
mortality and exacerbation frequency [219].
While the severity of airflow limitation has been
largely used as the most important criteria to
guide therapy in COPD [146], identification of
this phenotype demonstrates that patients with
similar levels of airflow limitation may have dif-
ferent outcomes depending on the presence or
absence of persistent systemic inflammation. The
treatment implications of these findings will
require further investigation.

Conclusions

To date the majority of large trials investigat-
ing COPD therapies have not targeted-specific
phenotypes. Nor have they been designed to
clearly identify either predictors of response
or harm, but development of a “personalized
medicine” approach is a critical goal for the
future of COPD treatment approaches. Future
studies in COPD will be increasingly pheno-
type or ideally endotype driven. In order to
achieve that goal, identification and validation
of phenotypes in COPD will require analysis
of longitudinal data in carefully characterized
patient populations [1]. Multiple large obser-
vational and cohort studies, some of which
have been mentioned above, have already
begun this process by systematically gather-
ing clinical, physiologic, radiologic, biologic,
and genetic data on a wide spectrum of COPD
patients. Representative studies include
ECLIPSE, COPDGene, Subpopulations and
Intermediate Outcome Measures in COPD
(SPIROMICS), Canadian cohort obstructive
lung disease (CanCOLD), and the Korean
Obstructive Lung Disease (KOLD) cohort.
Advanced statistical techniques incorporating
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systems biology and network medicine may
also provide additional frameworks for under-
standing this disease’s complexities [220—
222] and aid in the identification of clinically
meaningful groups [223-226].
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Introduction

Although environmental factors, including ciga-
rette smoking and biomass smoke exposure, are
major risk factors of COPD, genetic risk factors
are also important [1]. In addition, an interaction
between genetics and environment is believed to
drive the development of COPD.

Pathways that play a role in COPD pathogen-
esis include the response to oxidative stress, the
protease—antiprotease imbalance, cell death, and
inflammation [2-5]. Genetic studies have been
performed to identify genetic risk factors and to
understand the pathogenesis of COPD. Family-
based studies and candidate gene association
studies have found associations for many genes
and loci. However, alpha-1 antitrypsin deficiency
caused by mutations in SERPINAI is the only
established genetically driven cause of COPD
that has a potential intervention so far [6].

Future research is needed to characterize the
effect of genetic variants, validate gene function
in humans and model systems, and elucidate the
genes’ transcriptional and post-transcriptional
regulatory mechanisms [7].
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History of Genetic Studies for COPD

Family studies have supported genetic factors to
play an important role in the development of
COPD [8]. Twin studies have reported heritabil-
ity of lung function between 30 and 50% [9].
Recently, heritability of COPD was estimated
35-40% in population-based study [10].

Genome-wide linkage analysis using Boston
early onset COPD identified several loci that
were associated with lung function that is the
most important phenotype of COPD [11].

Candidate gene strategies were used to test
hypothesis of genetic associations with
COPD. However, there were few genetic associa-
tions that were consistently significant, and this
strategy has limitation in identifying novel mech-
anisms of COPD.

Genome-Wide Association Study

Although whole-genome and exome sequencing
may be the next tools used for the genetic study of
COPD, genome-wide association study (GWAS) is
currently the most widely used method for the dis-
covery of candidate genes [12]. Several GWASs
have discovered novel genes and pathways that are
associated with COPD susceptibility. Even more
genes have been found to be significantly associated
with lung function in the general population. Some
of these lung function genes are also associated with
COPD susceptibility. The genetic basis of different
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COPD-related phenotypes, including emphysema
and chronic bronchitis, also overlaps with that of
COPD susceptibility. After being implicated in dis-
ease pathogenesis, these genes can be used as poten-
tial drug targets or as biomarkers that can influence
diagnosis and personalized treatment.

Currently, the most well-known candidate
genes for COPD are CHRNA3/5 (cholinergic nic-
otine receptor alpha 3/5), IREB2 (iron regulatory
binding protein 2), HHIP (hedgehog-interacting
protein), FAM13A (family with sequence similar-
ity 13, member A), and AGER (advanced glyco-
sylation end product-specific receptor). They
have been replicated in multiple populations.
None of them are targeted by treatments for
COPD yet, and the mechanisms by which they
alter COPD risk are still largely unknown. There
is some emerging evidence that they may be good
targets for treatments or useful as biomarkers.
However, more study is required to understand
the functional roles of these candidate genes.

CHRNA3, CHRNAS, and IREB2

There are several genes at chromosome 1525
that have been identified by GWAS for affecting
COPD risk, including CHRNA3, CHRNAS, and
IREB?2 [13-15]. The COPD cohorts investigated
were the Norway case/control cohort (GenKOLS),
the family-based ICGN cohort, the NETT
(National Emphysema Treatment Trial)/NAS
(normative aging study) cohorts, the Boston early
onset COPD cohort, and the COPDGene study
cohort. The association between CHRNA3/5 and
COPD has been replicated in multiple ethnic
populations by direct genotyping [16—18]. The
CHRNA3/5 region is also associated with lung
cancer and nicotine addiction. It has been debated
whether this common susceptibility region is the
result of a common pathogenic pathway for lung
cancer and COPD, or if it is simply associated
with nicotine addiction, a risk factor for both dis-
eases. In addition, the causal variant within the
CHRNA3/5 locus may be different in lung cancer
than in COPD. There is some evidence that this
locus has independent roles in the pathogenesis
of COPD and smoking behavior [19].

CHRNA3/5 and CHRNB4 are subunits of the
nicotine cholinergic receptor, and the cholinergic
system is active not only in cholinergic neuronal
cells, but also in bronchial epithelial cells and air-
way inflammatory cells. The proteins are respon-
sive to nicotine and are upregulated during
chronic tobacco exposure. A recent study inte-
grating GWAS results with expression quantita-
tive trait loci (eQTL) study results found that
SNPs in the 15925 region were associated with
the expression of /REB2 and CHRNA3 in blood
and sputum samples [20]. CHRNA3/5 and IREB2
may play different roles in the pathogenesis of
COPD.

IREB?2 was first identified by characterizing
the differential gene expression in lung tissue
between COPD patients and controls, and geno-
typing the SNPs within the candidate regions
[21]. IREB2 is a protein that binds iron-responsive
elements (IREs), maintains cellular iron metabo-
lism, and is regulated in response to oxygen and
iron supply. IREB2 expression is higher in the
lung tissue of COPD cases. The Ireb2 knockout
mouse has abnormal iron metabolism in the
brain, which causes cellular dysfunction [22].
However, the role of IREB2 in COPD pathogen-
esis is still not known. A GWAS of the pulmo-
nary artery measurement obtained by computed
tomography (CT) in cohorts from the COPDGene
Study and the Evaluation of COPD Longitudinally
to Identify Predictive Surrogate Endpoints
(ECLIPSE) study found a genome-wide signifi-
cant association to /REB2 [23]. This suggests a
role for IREB?2 in the pathogenesis of pulmonary
hypertension in COPD, particularly in the vascu-
lar subtype.

HHIP

Many recently identified COPD-associated vari-
ants are located at chromosome 4q31, upstream of
HHIP. This intergenic region has associated with
COPD susceptibility in several GWASs [13, 14,
24], and has consistently replicated in multiple
ethnicities [25-28]. This region is also associated
with lung function in the general population [29—
31]. HHIP is also associated with adult height in
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the general population [32]. Considering that the
FEV, prediction is determined by height, there
may be genetic factors that control both pheno-
types. Using the candidate gene strategy, it was
found that the HHIP gene interacted with envi-
ronmental tobacco smoke in utero, suggesting
that this gene is involved in the lung response to
smoke exposure in early life [33].

HHIP encodes a membrane glycoprotein that
is an endogenous antagonist for the Hedgehog
pathway. Hedgehog signaling is important for the
morphogenesis of the lung and other organs [34].
Although the role of HHIP in COPD is not fully
understood, several studies have validated the
function of this gene in COPD pathogenesis. The
associated SNPs are located upstream of HHIP,
suggesting that they may affect promoter activity.
A lung eQTL study revealed that SNPs associ-
ated with COPD affect the expression of HHIP,
and the risk allele of rs1828591 decreases expres-
sion [35]. Zhou et al. reported that HHIP expres-
sion is reduced in COPD lung tissues and the
genomic region upstream of HHIP interacts with
the HHIP promoter. The risk allele of a variant in
the HHIP enhancer region reduces promoter
activity via a differential binding affinity to tran-
scription factors [36].

These studies suggest that the genetic varia-
tion of the HHIP region affects the risk of COPD
by affecting HHIP expression in lung tissues.
HHIP silencing in an airway epithelial cell line
leads to a change in gene expression, and these
differentially expressed genes are enriched in
pathways related to the extracellular matrix and
cell growth, which are processes relevant to
COPD pathogenesis [37]. Recently, Lao et al.
found that Hhip-haploinsufficient mice have
increased airspace size after cigarette smoke
exposure, increased lung compliance, and
increased numbers of lymphoid aggregates. The
functions of the genes with altered expression in
Hhip*~ mice exposed to cigarette smoke were
enriched in the pathway of lymphocyte activation
[38]. They used haploinsufficient mice because
Hhip~~ mice die shortly after birth due to lung
branching morphogenesis failure.

HHIP was also found to be associated with
lung cancer by a candidate gene study [39]. The

Hedgehog pathway is a critical mediator of ciga-
rette smoke-induced lung cancer, and it may act
as a common pathway for the development of
COPD and lung cancer [40].

FAM13A

A GWAS using three COPD cohorts, GenKOLS,
NETT/NAS, and the ECLIPSE study, identified
variants at chromosome 4q22 in the gene FAM 13A
[41]. These are some of the most highly associated
SNPs in COPD and are located in an intron. These
associations have replicated in a subset of the
patients in the COPDGene Study and the cohort of
the International COPD Genetics Network. They
also replicated in Asian populations, assayed using
the candidate gene strategy [42, 43]. FAM13A was
first found to associate with lung function in a
GWAS using the general population [29], and it is
associated with lung function in asthmatic subjects
[44]. Of note, FAMI3A is also associated with
idiopathic pulmonary disease (IPF) [45], but the
expression of FAM3A in lung tissues does not dif-
fer by case/control status or by genotype.
FAM13A was originally identified in cattle near
a quantitative trait locus affecting milk production,
and is expressed in the kidney, pancreas, lung, and
thymus [46]. Although the function of FAMI13A
has not been extensively studied, its RhoGAP
domain may be related to COPD. Rho GTPases
are key regulators of cytoskeletal dynamics, are
involved in the pulmonary endothelial barrier, and
are dysregulated in several lung diseases [47]. A
lung eQTL study suggested that the expression of
FAMI13A may be associated with particular SNPs
[35]. In the case of COPD, the FAM13A risk allele
is associated with increased FAMI3A expression
in the lung although expression does not differ in
lung tissues between COPD cases and controls
[42]. A recent study by Jin et al. found that
FAMI13A activates Wnt signaling by increasing
the stability of B-catenin [48]. Although depletion
of FAM13A in a lung cancer cell line reduces Wnt
signaling activity, FAMI3A knockout mice are
viable and FAMI3A-mutant lungs are morpho-
logically indistinguishable from wild-type
lungs, and Wnt signaling remains normal in
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Fam13a-knockout lungs. They also found that Akt
regulates the phosphorylation of FAM13A, which
can lead to cytoplasmic sequestration of FAM13A.
Considering that Akt has a role in the pathogenesis
of COPD [49], FAM13A may contribute to lung
disease through aberrant Akt signaling. Further
work is needed to validate the functional role of
FAM13A in the pathogenesis of COPD.

AGER

GWASs of lung function in the general popula-
tion have found that chromosome 6p21 is associ-
ated with FEV,/FVC and FEV,, which are
important physiologic parameters of COPD [31,
29, 50]. This association was investigated in
COPD patients identified from the population
cohort using spirometry criteria, and the study
found a suggestive association between COPD
risk and AGER, although it was not statistically
significant [51]. A candidate gene study in
NETT/NAS, GenKOLS, ECLIPSE, and a subset
of the COPDGene Study cohort found that it is
associated with COPD susceptibility although a
subsequent GWAS did not find a significant
association [52]. On the other hand, an associa-
tion has been found in multiple ethnic popula-
tions [53].

Chromosome 6p21 region that showed signifi-
cant association with COPD includes many
genes: TNXB, PPT2, AGER, and NOTCHA4.
However, AGER has a potential functional vari-
ant, 1s2070600, and has been studied the most in
the pathogenesis of COPD. A GWAS of percent
emphysema determined by CT using the Multi-
Ethnic Study of Atherosclerosis cohort identified
a significant association with the AGER/PPT
region [54]. This region did associate with
emphysema severity and gas trapping in a GWAS
using cohorts from the COPDGene, ECLIPSE,
NETT, and GenKOLS studies [55].

The protein product of AGER, the receptor for
advanced glycan end-products (RAGE), is a
multi-ligand receptor of the immunoglobulin
superfamily and interacts with molecules impli-
cated in homeostatic function, inflammation, and
development [56]. RAGE levels are increased in

the airway and alveolar walls of COPD lungs
[57]. RAGE expression in mice increases after
cigarette smoke exposure, and cigarette smoking-
induced inflammatory responses by alveolar
macrophages are diminished in RAGE knockout
mice [58]. Transgenic mice with upregulated
RAGE have impaired alveolar morphogenesis
during lung development, distal airspace enlarge-
ment, and increased alveolar cell apoptosis [59].
Another study using RAGE transgenic mice
found incremental dilation of alveolar spaces, as
well as pronounced inflammation in the periph-
eral lung and alveolar destabilization [60]. A pro-
moter variant of AGER in cystic fibrosis patients
is associated with poor lung function, and it
increases expression in airway epithelial cell
lines, suggesting that it is a modifier of lung dis-
ease severity [61].

The soluble isoform of RAGE (sRAGE) con-
tains the RAGE extracellular domain and can
bind to circulating proinflammatory ligands,
preventing RAGE activation. Mice that are
exposed to chronic hypoxia have down-regu-
lated pulmonary RAGE protein and increased
levels of SRAGE, which might be adaptive to
and protective against chronic hypoxia [62].
Circulatory levels of sRAGE are reduced in
COPD patients [63]. Reduced sSRAGE levels are
associated with increased emphysema in two
COPD cohorts [64]. Decreased plasma sRAGE
levels are also associated with the progression
of airflow limitation over time [65]. In patients
of the Treatment of Emphysema with a Selective
Retinoid Agonist (TESRA) and ECLIPSE stud-
ies, SRAGE is associated with diffusing capac-
ity, emphysema, and COPD disease status, and
the variant rs2070600 is associated with circu-
lating sSRAGE levels [66]. The significant asso-
ciation between rs2070600 and plasma sRAGE
levels was also found in Dutch diabetes mellitus
and control subjects [67]. RAGE has been stud-
ied in metabolic diseases, and decreased levels
of sSRAGE are linked to vascular complications.
RAGE contributes to the pathogenesis of COPD
in the lung probably via the regulation of inflam-
mation and apoptosis, and further study of the
functions of this gene may lead to it being iden-
tified as a potential therapeutic target.
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Other Candidate Genes

There have been several more regions identified
in GWASs of COPD. A GWAS using subjects
from the ECLIPSE, NETT/NAS, GenKOLS, and
COPDGene studies identified chromosome
19q13 as being associated with COPD, along
with the previously identified HHIP, FAMI3A,
and 15925 regions [14]. Chromosome 19q13
contains CYP2A6, RAB4B, MIA, and EGLN,
which could potentially be involved in COPD
pathogenesis, and EGLN2 was found to be dys-
regulated in the airway epithelium of smokers
[68]. A GWAS using the full COPDGene cohort
identified additional associations with TGFB2,
MMPI12, and RIN3 [24]. TGFB2 and MMPI2
have been previously studied in COPD or related
phenotypes [69, 70], whereas RIN3 has not been
studied in COPD and needs to be investigated
further. SERPINE?2 was identified using a linkage
analysis of gene expression changes in lung tis-
sue [71]. A recent GWAS of airway thickness
identified rs734556 on chromosome 2q, which is
associated with SERPINE2 expression [72].
These associations require more replications and
further fine-mapping studies are needed to find
the causal variants of COPD, as well as studies to
functionally validate the identified genes.

GWAS for Heterogeneity

CT phenotypes including emphysema severity and
airway thickness quantitatively measured using
standardized methods are useful in understanding
heterogeneity of COPD by characterizing lung
parenchyma and airways. Previous study using
candidate gene approach reported that associations
between SERPINE2 and upper lobe dominance
[73], ADRB2 and airway lumen area [74]. Another
study reported that EPHXI, SERPINE2, and
GSTPI were associated with emphysema severity
and TGFBI, EPHXI, SERPINE2, and ADRB2
were associated with airway phenotypes [75].

After GWAS identified several COPD-
associated genes, those identified genes were
tested for CT phenotypes, and also GWAS was
performed on CT phenotypes.

The CHRNA3/5 locus is associated with emphy-
sema and smoking intensity in COPD [76, 77].

HHIP is associated with various CT pheno-
types in COPD including distinct patterns of
emphysema [77] and the severity of emphysema
[55]. HHIP is more associated with emphysema
measurements than with airway phenotypes and
has a more significant association in emphysema
subgroups [78]. This difference may reflect a dif-
ferent pathogenic process driven by HHIP, or
may be driven by correlations between COPD
status and imaging measurements.

Genome-wide association studies using COPD
cases with chronic bronchitis in the COPDGene
Study, GenKOLS, and ECLIPSE cohorts identi-
fied a significant association with FAM13A [79],
whereas several GWASs for emphysema did not
identify a genome-wide association. The odds
ratios of FAM13A SNPs for COPD with chronic
bronchitis were significantly higher than those for
non-chronic bronchitis COPD, suggesting that
FAMI3A is more related to the pathogenesis of
the chronic bronchitis subtype.

GWAS in the presence of emphysema identi-
fied BICD as a susceptibility gene for emphy-
sema [80]. GWAS of percent emphysema in the
general population identified SNRPF and PPT2
[54]. GWAS on airway wall thickness MAGI2
and NT5C3B were associated with airway wall
thickness [72].

As pulmonary hypertension is a well-
established complication and an important factor
of prognosis, GWAS of pulmonary artery
enlargement have found IREB2 and GALC asso-
ciated with pulmonary artery enlargement defined
as PA/A ratio more than 1 in COPD subjects [23].

BMI is important in prognosis of COPD. The
HHIP locus is associated with fat-free mass and
exacerbations in COPD subjects [76]. GWAS on
BMI in COPD identified FTO was associated
with BMI and fat-free mass index [81].

Pharmacogenetics

Recently, genotype variation can be used to
individualized therapy. In COPD, the most
studied subject is ADRB2 polymorphisms of
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p2-adrenergic receptor on P2 agonist therapy
[82, 83]. Another gene included CRHRI poly-
morphism [84]. Warfarin is a good example of
individual variation in pharmacokinetics; how-
ever, drug used in COPD are not known for
gene influencing drug metabolism.

Previous study reported that COPD candi-
date genes may influence bronchodilator
responsiveness [85]. Considering that treat-
ment with PDE4 inhibitor is effective only for
the chronic bronchitis subtype, there may be a
mechanism that is unique to this subtype.
Candidate genes can be used to determine per-
sonalized treatment because they may help
identify a subtype-unique pathogenesis, as
well as variation in a drug-action site, or vari-
able drug metabolism [86].

Conclusion

Recently, several candidate genes associated
with COPD risk have been identified using
GWAS. Replication and functional validation
studies may lead to clinical applications for
these genes such as novel therapeutics, sub-
typing, and risk prediction for COPD. Also,
phenotype heterogeneity can be investigated
using association studies on various COPD-
related phenotypes. More regions have been
identified in GWASs on FEV, and FEV,/FVC
in the general population, probably because of
the larger sample sizes than COPD case/con-
trol subjects. GWASs using a greater sample
size of COPD subjects may find more candi-
date genes [87]. Another approach for finding
more candidate genes is to identify rare varia-
tion using exome sequencing or arrays.
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Overview

Although chronic obstructive pulmonary disease
(COPD) is defined as persistent airflow limitation
which is usually progressive and associated with
an enhanced chronic inflammatory response [1],
heterogeneity of COPD has been realized while
our understanding of this agonizing disease has
grown over the past two decades [2]. Patients
with same or similar pulmonary function impair-
ment show different symptoms, disease progres-
sion, and prognosis. As a result, the concept of
COPD has been changing from an airflow
limitation-centric view to a complex and hetero-
geneous condition, preferring multidimensional
approaches and finding phenotypes. In this con-
text, imaging features, especially quantitative
analysis of CT, have garnered attention as they
have been demonstrated to be of help in evaluat-
ing patients’ status as well as predicting acute
exacerbation and prognosis of patients. The two
main components of COPD, emphysema and
small airway disease, can be accurately and reli-
ably assessed by quantitative CT analysis [3, 4].
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In this chapter, we reviewed previous research on
imaging in COPD patients briefly and addressed
the current concept and future direction of imag-
ing phenotyping.

CT: Airway vs. Emphysema
Predominance

The concept that COPD phenotype can be divided
according to varying combination and severity of
emphysema and small airway disease on CT was
firstly suggested by Nakano et al. [5]. Initially,
Nakano et al. showed that CT could quantify air-
way abnormalities in 114 smokers [6]. They
demonstrated the accuracy and reproducibility of
quantitative airway measurement on CT and
revealed that both quantitative analyses of airway
and emphysema on CT were useful and comple-
mentary in the evaluation of patients with COPD
[6]. This technical advance allows to evaluate
structural change due to airway inflammation and
remodeling in vivo. Nakano et al. finally sug-
gested that COPD patients can be divided into
groups who had predominant emphysema or
thickening and narrowing of the apical segmental
bronchus using quantitative assessment of rela-
tive area of low parenchymal attenuation and per-
cent airway wall area. In Korean Obstructive
Lung Disease (KOLD) Cohort study [7], 530
patients also demonstrate a similar distribution
(Fig. 12.1).
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Fig. 12.1 Emphysema index and airway wall thickening
in Korean Obstructive Lung Disease (KOLD) Cohort.
This graph demonstrates the distribution of 497 COPD
patients and 33 normal individuals according to emphy-
sema index and airway wall thickening. Horizontal line
indicates the mean + 2 standard deviation of emphysema
index of the normal individuals (12.8%). Vertical line

This concept of dividing patients based on CT
imaging characteristics evolves and expands in
recent article by Fleischner society [8]. They sug-
gested seven different subtypes of COPD
patients: five different patterns of emphysema-
predominant subtype according to severity and
location of emphysema (mild centrilobular
emphysema, moderate centrilobular emphysema,
confluent emphysema, advanced destructive
emphysema, panlobular emphysema, and para-
septal emphysema) and two patterns of airway-
predominant subtype according to level of
involved airways (bronchial disease and small
airway disease). The most important factor dif-
ferentiating subtypes of COPD is quantitative
amount of emphysema, that is, emphysema-
predominant subgroup can be defined as more
than 6% of pixels less than —950 HU at quantita-
tive CT and airway-predominant subgroup can

indicates the mean + 2 standard deviation of wall area of
the normal individuals (73.0%). COPD patients can be
categorized as different groups using these thresholds:
airway-predominant, emphysema-predominant, and a
mixed group. In KOLD cohort, the emphysema-
predominant group comprises a large proportion of COPD
patients

be defined as pixels less than 6% of —950 HU at
quantitative CT. Although this classification is
tentative and much area remains for future
research, the key concept that two components of
emphysema and airway disease mainly consist of
COPD will be effective.

In addition, technical advances in imaging
processing enable novel and detailed quantifica-
tion of COPD and provide imaging-biomarkers
for diagnosis of COPD phenotypes and disease
progression. Galban et al. [3] demonstrated more
clear separation of emphysema and functional
small airway disease using non-rigid registration
between inspiratory and expiratory CT images.
Furthermore, Kim et al. [4] showed a new
approach to quantifying air-trapping using a co-
registration method which defined air-trapping as
a volume with attenuation increase less than
50 HU between inspiration and expiration CT
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Fig. 12.2 Co-registration of inspiration and expiration
CT scans for analysis on air-trapping. (a) Inspiration CT
and (b) expiration CT were obtained in a 77-year-old male
patient. Expiration CT was deformed and registered to the
inspiration CT using a non-rigid registration method.
Color mapping according to differences of voxel attenua-

(Fig. 12.2). Using this approach, respective con-
tributions of different densities seen on inspiration
CT to air-trapping could be assessed in detail.
The previous two studies quantified air-trapping
area rather than airway wall for evaluation of
small airway disease as it is difficult to quantify
small airway disease because there are limita-
tions in the direct visualization of small airways
(diameter < 2 mm) on CT.

Prediction of Treatment Response

One of important roles of CT phenotyping is to
predict treatment response in COPD patients. In a

3

tion between inspiration and expiration CT was performed
in co-registered images (c, d). These images allow to eas-
ily detect the areas of air-trapping with small attenuation
change on respiration. Red color represents voxels with a
difference of voxel attenuation between inspiration and
expiration CT below a threshold of 50

study by Kitaguchi et al. [9], they subjectively
classified into three phenotypes of 85 COPD
patients according to components of emphysema
and bronchial wall thickening on CT, airway-
predominant, emphysema-dominant, and mixed
airway and emphysema. They assessed area of
emphysema and airway wall thickness visually.
Interestingly, three CT phenotypes showed differ-
ent characteristics in terms of body mass index,
onset of dyspnea, proportion of never-smoker, and
dependency of long-term oxygen therapy. This
implies that CT phenotyping can explain clinical
features. More importantly, CT phenotyping was
significantly related to treatment response with
inhaled B,-agonist and corticosteroid. Airway-
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predominant phenotype showed significantly
greater reversibility with inhaled 8,-agonist
(change in FEV|: airway-predominant, 253.3 mL;
emphysema-predominant, 94.0 mL; mixed pheno-
type, 133.7 mL). Airway-predominant phenotype
and mixed phenotype were significantly associ-
ated with improvement in FEV; when using
inhaled corticosteroid (change in FEV|: airway-
predominant, 313.9 mL; emphysema-predominant,
116.2 mL; mixed phenotype, 247.9 mL). This
result suggests that bronchial wall thickening on
CT may be an indicator for predicting good
response to treatment. However, semiquantitative
evaluation has limitation due to requirement for
expert radiologists and interobserver variation.

Similar study was performed using a quantita-
tive method in KOLD cohort by Lee et al. [10].
They objectively categorized 165 patients into
four subtypes using extent of emphysema on CT
and FEV,: emphysema-dominant, obstruction-
dominant, mild-mixed subtype, and severe-mixed
subtype. They also reported that obstruction-
dominant and mixed subtypes showed signifi-
cantly greater improvement in FEV, than
emphysema-dominant group after 3 months of
combined inhalation of long-acting beta-agonist
and corticosteroid. Furthermore, obstruction-
dominant subtype patients showed marked
improvement of dyspnea compared with
emphysema-dominant patients. Given the results
of two studies, we can safely tell that bronchial
wall thickening on CT should be assessed to pre-
dict treatment response before treatment.

Prediction of Acute Exacerbation

Acute exacerbation of COPD is defined as acute
event characterized by a worsening of patients’
respiratory symptoms that is beyond normal day-
to-day variations and leads to a change in medi-
cation [1]. It is known that all-cause mortality
3 years after hospitalization due to acute exacer-
bation is as high as 49% [11]. Therefore, early
detection and prompt treatment of acute exacer-
bations as well as prevention are crucial to reduce
the burden of COPD [12]. Regarding acute exac-
erbation, Han et al. [13] performed a study to

investigate a relationship between quantitative
CT measures and COPD exacerbation frequency.
According to their study, greater extent of emphy-
sema and airway wall thickness was associated
with COPD exacerbations, irrespective of the
severity of airflow obstruction. Importantly, mean
segmental bronchial wall thickness showed the
highest odds ratio (1.84) among significant vari-
ables on multivariate analysis. This result corre-
sponds well with essential role of airway
inflammation and remodeling in development
and progression of COPD [14, 15]. Based on Han
et al’s study, we can identify subgroups of
patients who experience exacerbations more fre-
quently and subsequently provide more personal-
ized therapy.

Regional Heterogeneity
of Emphysema

Emphysema can vary according to subtypes (cen-
trilobular, paraseptal, and panlobular) and
regional distribution. It is known that regional
heterogeneity of emphysema in anterior-posterior
and upper-lower direction was independent
determinants of FEV, and FEV,/FVC and the
lower and posterior regional dominant emphy-
sema is associated with a decrease in FEV, and
FEV,/FVC [16]. Basal distribution of emphy-
sema is also associated with greater impairment
of FEV, [17].

Such regional heterogeneity of emphysema
has clinical relevance to the treatment of
COPD. According to results of a randomized trial
for lung volume reduction surgery (LVRS) [18],
it has a survival gain for patients with both pre-
dominantly upper-lobe emphysema and low
base-line exercise capacity even though upper-
lobe predominance of emphysema was visually
determined by each center’s radiologist. Thus,
assessment of regional heterogeneity of emphy-
sema using CT is important and useful for select-
ing candidates for LVRS. In addition, even in
endobronchial valves for advanced emphysema,
heterogeneity of emphysema on CT is the criteria
for selecting patients [19]. In Sciurba et al.’s
study [19], the percentage of heterogeneity was
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defined as the difference in the quantitative
emphysema score (the proportion of pixels of
less than —910 Hounsfield units) between the tar-
geted lobe and the ipsilateral adjacent nontar-
geted lobe. After that, this percentage was then
converted to a Likert scale, with a score of 1 for
1-25%, 2 for 26-50%, 3 for 51-75%, and 4 for
76-100%. A 1-unit difference between treated
and untreated lobes was required for inclusion in
the effect analyses of endobronchial valve.

Other Issues in Imaging
Heterogeneity

Silent Emphysema with Normal PFT
Abnormality

COPD is basically diagnosed by spirometry.
Patients with normal PFT, even though CT dem-
onstrates pulmonary parenchyma abnormality,
are not diagnosed as COPD. Therefore, there can
be discrepancy between CT findings and PFT. As
previous studies showed that emphysema sever-
ity on CT in COPD patients was significantly
correlated with rapid decline in FEV, [20] and
mortality [21], some patients with emphysema on
CT can be underdiagnosed. Regarding this issue,
Lutchmedial et al. [22] conducted a study includ-
ing 274 patients with more than or equal to 5% of
emphysema extent on CT with a threshold of
—950 HU. According to their results, GOLD cri-
teria missed 19 patients and lower limit of normal
(LLN) criteria missed 38 patients who were diag-
nosed by clinical criteria for COPD. Although
this study was not performed in screening popu-
lation and we cannot estimate the prevalence of
silent emphysema which affects no significant
pulmonary function impairment in general popu-
lation, about 6.9-13.9% patients with more than
or equal to 5% of emphysema extent on CT may
be underdiagnosed for COPD.

Vascular Subtype

Pulmonary vascular disease such as pulmonary
hypertension is an independent predictor of

morbidity and mortality in COPD patients [23].
The mechanisms for this process likely include
inflammation or hypoxic vasoconstriction due
to emphysematous destruction of the tissue.
While the standard visual assessment of pulmo-
nary vascular remodeling includes measure-
ments of the diameter of the main pulmonary
artery, the recent study has demonstrated that
remodeling of the distal intraparenchymal pul-
monary vasculature yields insights into the rela-
tion of vascular disease and emphysema and the
effect of pulmonary vascular disease on pulmo-
nary artery pressure [24]. In this context, Estepar
et al. [25] showed that smoking-related chronic
obstructive pulmonary disease is characterized
by distal pruning of the small blood vessels
(<5 mm?) and loss of tissue in excess of the vas-
culature. The magnitude of these changes pre-
dicts the clinical severity of disease [25]. Alford
et al. [26] investigated whether early regional
vascular dysfunction was correlated with
emphysematous changes or not. They included
41 individuals (17 normal, 12 smokers with no
emphysema and normal lung function, and 12
smokers with very mild emphysema). They
demonstrated that functional lung-imaging
measure that provides a more mechanistically
oriented phenotype using perfusion imaging dif-
ferentiates smokers with and without evidence
of emphysema susceptibility.

GOLD U Group

When GOLD criteria are applied for diagnosis of
COPD, about 8-14% of individuals with a normal
FEV,/FVC ratio and a reduced FEV, are detected
[27-29]. These individuals are designated as
GOLD-nonobstructed (GOLDU). Individuals
with GOLDU were associated with increased
BMLI, reduced total lung capacity, and higher pro-
portion of non-white individuals, and diabetes
mellitus as well as increased bronchial wall thick-
ness when compared with smoking control group
[30]. Kim et al. [31] investigated more detailed
analysis of CT findings and showed that chest wall
abnormalities (diaphragmatic eventration) and
parenchymal lung disease (emphysema, airway
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wall thickening, air-trapping), which contribute to
restrictive physiologic impairment, are associated
with GOLDU in cigarette smokers when com-
pared with a control group of smokers with nor-
mal lung function. However, there remains
uncertainty about a specific phenotype of GOLDU
regarding disease progression or prognosis.

Asthma/COPD Overlap Syndrome
(ACOS)

Asthma/COPD overlap syndrome is character-
ized by persistent airflow limitation with several
features usually associated with asthma and
COPD. ACOS is therefore identified by the fea-
tures that it shares with both asthma and COPD
[1]. Patients with ACOS are usually 40 or more
years old, but overlap syndrome percentages are
increased from mid to later life progressively
[32]. Marco et al. showed that the frequency of
ACOS was 1.6, 2.1, and 4.5% in the 2044,
45-64, and 65-84 age groups, respectively [33].
Patients can have respiratory symptoms includ-
ing exertional dyspnea. Exacerbations in patients
with ACOS may be more common up to three
times than patients with COPD [34, 35]. Overlap
subjects had more severe and more frequent
respiratory exacerbations, less emphysema, and
greater airway wall thickness compared to sub-
jects with COPD alone [36]. Kim et al. [37] also
demonstrated that ACOS is associated with a
higher risk of hospitalization due to respiratory
problems than COPD alone in a retrospective
study dealing with 2933 COPD patients.
However, further study on imaging characteris-
tics of AOCS is awaited.

Combined Emphysema
and Pulmonary Fibrosis

Combined pulmonary fibrosis and emphysema
(CPFE) is characterized by the presence of
emphysema predominantly in the upper lobes,
with diffuse interstitial opacities in the lower
lobes [38, 39] (IPF). According to Cottin et al.
[39], CPFE can be diagnosed based on radiologic

findings: (1) the presence of emphysema with
upper zone predominance on CT; (2) the pres-
ence of diffuse parenchymal lung disease with
significant pulmonary fibrosis on CT, defined as
reticular opacities, honeycombing, architectural
distortion, and/or traction bronchiectasis with
peripheral and basal predominance. It is now
considered as a different phenotype of idiopathic
pulmonary fibrosis. In terms of prevalence, 3.1%
of asymptomatic smokers were diagnosed with
CPFE using Cottin et al.’s criteria in Kim et al.’s
study [40]. Ryerson et al. [41] reported 8.0% of
CPFE in IPF patients when emphysema in CPFE
was defined as 10% or more in extent. The preva-
lence of CPFE varies depending on study popula-
tion and diagnostic criteria.

The main characteristic of CPFE is relative
preservation of FVC even when the affected lung
parenchyma increases in extent because of counter-
effect of emphysema and pulmonary fibrosis, that
is, compensation of hyperinflation of emphysema
for decreased lung volume due to pulmonary
fibrosis. This implies that PFT cannot accurately
assess disease status in CPFE patients. For this
reason, CT has attracted clinical interest in evalu-
ation of disease progression as well as diagnosis
in CPFE patients. The prognosis of CPFE com-
pared with IPF is not clearly determined. Mejia
et al.’s study [42] showed that CPFE was associ-
ated with poorer prognosis compared with IPF
due to higher incidence of pulmonary hyperten-
sion. However, Ryerson et al. [41] reported that
there were no significant differences in survival
between CPFE and IPF. Furthermore, Kurashima
et al. [43] demonstrated that patients with UIP
and emphysema had greater lung volumes and
better survival compared with those with UIP
alone. At present, prospective studies of CPFE
are needed to clarify the natural course of CPFE
including prognosis.

Imaging and Genetic Association
Studies

Individual susceptibility to COPD and manifesta-
tion of COPD may vary according to genetic
variation, and there have been several studies on
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the association between genetic variation and CT
phenotype [44-49].

With respect to emphysema on CT, Ito et al.
[44] reported that polymorphism of MMP-9
(C-1562T) was associated with upper lung-
dominant emphysema in patients with
COPD. Demeo et al. [46] suggested that poly-
morphisms in the xenobiotic enzymes, GSTP1
and EPHXI1, are associated with apical-
predominant emphysema and altered detoxifica-
tion of cigarette smoke metabolites may
contribute to emphysema distribution. Sakao
et al. also reported that the TNF-alpha-308 allele
2 may be partly associated with the extent of
emphysematous changes in patients with
COPD. Cheng [47] demonstrated that systemic
soluble receptor for advanced glycation end
products is a biomarker of emphysema in COPD
patients. Recently, Bowler et al. [48] showed that
sphingomyelins are strongly associated with
emphysema and glycosphingolipids are associ-
ated with COPD exacerbations.

In terms of airway disease, Kim et al. found
that Gly16 variant in ADRB2 gene was associ-
ated with airway wall phenotypes measured
using CT scanning in COPD patients [49]. Kim
et al. also reported that single nucleotide poly-
morphisms in EPHX1, SERPINE2, TGFBI1, and
ADRB?2 were associated with airway wall pheno-
types [50]. Recently, Dijkstra et al. showed that
three significant loci on chromosomes 2q
(rs734556) and 10q (rs10794108 and rs7078439)
were associated with AWT and confirmed in the
meta-analysis in cohorts [51].

In summary, many researchers have made a lot of
effort to uncover pathogenesis of COPD by investi-
gating the relationship between genotype and phe-
notype of COPD (especially imaging phenotype).
Although much things to do remain, these works
may open the path to the personalized medicine.
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Asthma-COPD Overlap Syndrome

Chin Kook Rhee

Introduction

Although asthma and COPD are characterized
by reversible airway obstruction and by per-
sistent airway obstruction, respectively, these
two features are not mutually exclusive. Thus,
some patients may show both characteristics
of asthma and COPD. For example, if a patient
shows positive for bronchodilator test and post-
bronchodilator FEV, (forced expiratory volume
in 1 s)/FVC (forced vital capacity) < 0.7 at the
same time, the patient meets both characteris-
tics of asthma and COPD. Asthma is clinically
characterized by respiratory symptoms such
as wheeze, shortness of breath, chest tightness,
and cough [1]. However, these clinical charac-
teristics are also frequently observed in patients
with COPD, too. Patients who showed over-
lapped feature of asthma and COPD have been
always existed. However, these patients have
been usually excluded in clinical trial of asthma
or COPD. Many experts of each filed (asthma
and COPD) sometimes denied the existence
of these patients and considered them only as
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heterogeneity of each disease. However, since
these patients definitely exist, the concept of
asthma-COPD overlap syndrome (ACOS) has
emerged recently.

Definition

Until now, firm definition of ACOS is not settled
yet. However, there are some promising definitions
regarding ACOS (Table 13.1). First, spirometric
definition is very simple and easy to apply in clini-
cal practice. The spirometric criteria for asthma is
positive for bronchodilator test or provocation test.
The spirometric criteria for COPD is post-broncho-
dilator FEV/FVC < 0.7. Gibson et al. [2] sug-
gested ACOS as combination of these two
spirometric definitions. One of the merits of this
definition is very simple and clear-cut. However,
the problem of this definition is that it is too broad
a definition. According to this definition, too many
patients of each disease (asthma or COPD) belong
to ACOS. Pure asthma patients who simply showed
fixed airway obstruction can be regarded as ACOS
by definition. Also, pure COPD patients who sim-
ply showed reversibility can be regarded as
ACOS. Second, ACOS can be defined as COPD
patients who have history of diagnosis of asthma
by physician before age 40 [3]. This definition is
also very easy to apply in clinical practice.
However, the limitation of this definition is inac-
curacy of asthma diagnosis. Often, asthma is mis-
diagnosis by physician. Without firm evidence of
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Table 13.1 Definitions of ACOS

Definition 1

* Positive for bronchodilator response test (increase in FEV, of >12% and >200 mL from baseline, 10-15 min

after 200400 pg albuterol or equivalent)

OR

« Positive for provocation test (fall in FEV, from baseline of 20% with standard doses of methacholine or
histamine, or 15% with standardized hyperventilation, hypertonic saline, or mannitol challenge)

AND

¢ Post-bronchodilator FEV ,/FVC < 0.7

Definition 2

» Diagnosis of asthma by physician before age 40

AND

* COPD (post-bronchodilator FEV,/FVC < 0.7 and smoking >10 pack years)

Definition 3

* Positive for bronchodilator response test

OR

* Positive for provocation test

AND

« History of asthma before age of 40

OR

 Eosinophilic inflammation in lung (elevated sputum eosinophil or FENO)

OR

« History of allergic disease

AND

¢ Post-bronchodilator FEV ,/FVC < 0.7

AND

e Smoking >10 pack years

asthma (reversible airway obstruction by PFT),
clinical trial by these definitions is not desirable.
Third, ACOS can be defined as patients who meet
both spirometric and clinical characteristics of
both diseases [4]. This definition is ideal for clini-
cal trial since ACOS patients by this definition are
clearly compatible with both diseases. Limitation
of this definition is that it is too narrow. Thus,
many patients with overlapped feature may be
excluded by this strict criteria. Until now, which
definition is correct is not yet validated. Actually,
these three definitions represent broad to narrow
spectrum of chronic obstructive airway disease.
Thus, researchers may choose appropriate defini-
tion according to the need. First or second defini-
tion may be suitable for epidemiologic or
population-based study, while third definition is
suitable for strict clinical trial.

Prevalence

Prevalence is different according to the definition
of ACOS. Howeyver, there are substantial number
of ACOS patients among asthma and COPD
patients. According to database-based studies
[5-7], prevalence of ACOS was 52-55% among
COPD. However, the prevalence of ACOS was
from 5.8 to 24.3% in clinical studies [3, 8—13]. In
a meta-analysis, prevalence of ACOS among
COPD was 27% (95% CIL. 16-38%) [14].
Prevalence of ACOS among asthma patients is
38% over 40 according to very strict diagnostic
criteria [15]. Interestingly, the proportion of
ACOS was increased significantly according to
the age [15, 16]. Prevalence of ACOS among
chronic obstructive airway disease was 14%
(asthma only: 38%, COPD only: 48%) [17].
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Clinical Characteristics
Eosinophilic Inflammation

Serum IgE and blood eosinophil levels were sig-
nificantly higher in ACOS compared with COPD
only [18, 19]. Sputum eosinophil percentage in
ACOS was significantly higher in ACOS than
COPD only [19, 20]. Blood eosinophil levels
were significantly higher in asthma only com-
pared with ACOS [15]. Interestingly, total IgE
level was significantly higher in ACOS patients
compared with asthma only [15].

Respiratory Symptoms

According to the analysis of NHANES III and
COPD cohort, chronic phlegm, nocturnal cough,
and wheeze were significantly higher in allergic
phenotype COPD patients [21]. According to
population-based study, dyspnea and wheezing
were significantly higher in ACOS than COPD
only [10]. Also, according to another population-
based study, ACOS patients had more symptoms
of dyspnea, cough, phlegm, and wheezing [16].
According to the analysis of PLATINO study,
ACOS was associated with more cough, phlegm,
wheeze, and dyspnea [9].

Radiologic Finding

Compared with COPD only patients, ACOS
patients showed less emphysema and more air-
way disease in CT [22].

Exacerbation

Compared with COPD only, ACOS patients
exacerbate more frequently. According to the
analysis of national health insurance data, the
percentage of ER visit was three times higher in
ACOS  compared with COPD  only.
Hospitalization was two times higher and ICU
admission was 2.5 times higher [5]. According

to hospital-based analysis of COPD hospital-
ization for 10 years, odds ratio of ACOS was
2.183 (95% CI: 1.821-2.618) [23]. According
to the analysis of PLATINO study, ACOS was
associated with higher risks of exacerbations
(prevalence ratio [PR]: 2.11; 95% CI: 1.08-
4.12) and hospitalizations (PR: 4.11; 95% CI:
1.45-11.67) [9]. According to the analysis of
NHANES III and COPD cohort, risk of ER visit
or hospitalization was significantly higher in
allergic phenotype COPD patients [21]. In a
9-year follow-up study, risk of hospital/ER
admission compared with normal control was
3.76 in asthma only, 5.12 in ACOS, and 2.10 in
COPD only [24].

Lung Function Decline

According to longitudinal study in young
European adults, change of lung function (mL/
yr) was —0.92 in asthma only, —4.84 in ACOS,
and —13.83 in COPD only, respectively [24].

Survival

In an analysis of NHANES III data, ACOS patients
had higher risk of death during follow-up. Hazard
ratio (HR) were ACOS: 1.45 (95% CI: 1.06-1.98),
COPD only: 1.28 (95% CI: 1.13-1.45), and asthma
only: 1.04 (95% CI: 0.85-1.27).

Treatment

Generally, bronchodilator single therapy is not
recommended in asthma patients and inhaled
corticosteroid (ICS) single therapy is also not
recommended in COPD patients. Thus, com-
bined inhalation of ICS + bronchodilator treat-
ment is a safe option for ACOS patients. There
has been no well-designed clinical trial in
patients with ACOS. However, several reports
support the role of ICS + bronchodilator for
ACOS. In a prospective study, response to ICS
is much greater in ACOS patients compared
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with COPD only (372 mL vs. 120 mL) [19].
Christenson and colleagues [25] analyzed the T
helper type 2 (Th2) signature (T2S) score, a
gene expression metric induced in Th2-high
asthma in COPD cohorts. Interestingly, higher
T2S scores correlated with increased airway
wall eosinophil counts (P = 0.003), blood
eosinophil percentage (P = 0.03), bronchodila-
tor reversibility (P = 0.01), and improvement in
hyperinflation after ICS + long-acting beta ago-
nist (LABA) (P = 0.019). In a retrospective
cohort study, among older adults with COPD,
particularly those with asthma and those not
receiving a long-acting muscarinic antagonist
(LAMA), newly prescribed ICS + LABA com-
bination therapy, compared with newly pre-
scribed LABAs alone, was associated with a
significantly lower risk of the composite out-
come of death or COPD hospitalization [26]. In
a study by Suzuki et al. [27], ACOS was char-
acterized by an airway lesion-dominant pheno-
type, in contrast to COPD only. Compared to
baseline, budesonide/formoterol treatment sig-
nificantly increased the FEV, and decreased the
degree of airway wall thickness (percentage of
wall area) as well as pulmonary microvascular
density in ACOS patients. Although there is
limited evidence, other possible treatment for
ACOS is listed in Table 13.2.

Future Direction

Since firm definition of ACOS has not been set-
tled, consensus for the definition of ACOS is
needed. Then, well-designed prospective clinical
trial should be performed in patients with
ACOS. Wide definition of ACOS can include
variety of obstructive airway disease patients.
Thus, in the future, phenotypical approach for
patients with ACOS is mandatory [4, 28]. Since
asthma and COPD are heterogeneous diseases,
management of ACOS should also be based on
phenotype and endotype of diseases.

Table 13.2 Possible treatment options for ACOS

ICS + LABA

Recommended for all ACOS patients

LAMA

COPD predominant patients

Patients who have neutrophilic inflammation in
sputum

Add on therapy to ICS + LABA in asthma
predominant patients

LTRA (recommend to add on therapy to ICS + LABA)
Smoker asthma

Old age asthma

ACOS patients combined with allergic rhinitis

PDE4 inhibitor

COPD predominant patients

Asthma patients who have neutrophilic inflammation
in sputum

LABA + LAMA

COPD predominant patients

Anti-IL5

ACOS patients who have eosinophilic inflammation in
sputum

Summary

1. There are substantial number of ACOS
patients among asthma and COPD patients.

2. Although definition of ACOS is not settled yet,
combination of both asthma and COPD defini-
tion is needed for the definition of ACOS.

3. ACOS is characterized by more symptom, fre-
quent exacerbation, frequent admission,
higher mortality, and poor prognosis com-
pared with asthma only or COPD only.

4. Although treatment for ACOS is not settled,
ICS + bronchodilator is recommended.
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Introduction

The pulmonary vascular disease component in
COPD/emphysema has initially been described
by A. Liebow at the dawn of emphysema research
[1], and radiologists pointed out that vessel loss
on the routine chest X-ray films was the best indi-
cator of emphysema. Benjamin Burrows pub-
lished the first systematic hemodynamic
evaluation of patients with COPD and illustrated
the great variability of pulmonary hypertension at
rest and during exercise in these patients [2].
Since these early investigations, there have been
additional remarkable observations. J. Barbera
and coworkers [3] demonstrated histologically
the presence of vascular abnormalities in chronic
smokers without evidence of pulmonary hyper-
tension (PH); the group of E. Weitzenblum
reported severe PH in a subgroup of COPD

N.F. Voelkel (<)

School of Pharmacy, Virginia Commonwealth
University, Richmond, VA, USA

e-mail: nfvoelkel @ gmail.com

S. Mizuno

Department of Respiratory Medicine, Kanazawa
Medical University, Ishikawa, Japan

e-mail: shirotan @kanazawa-med.ac.jp

C.D. Cool

Department of Pathology and Pulmonary Division,
University of Colorado School of Medicine,
Aurora, CO, USA

Department of Pathology, National Jewish Health,
Denver, CO, USA

© Springer-Verlag Berlin Heidelberg 2017

patients [4] and H.J. Bogaard et al. described a
severe reduction in the DLCO in their Dutch
cohort of cigarette-smoking patients with idio-
pathic PH [5]. Finally, it has been recognized that
a subset of patients with COPD and with intersti-
tial pulmonary fibrosis has significant PH [6]. It
thus appears that chronic cigarette abuse is the
common denominator, which can explain an ele-
ment—or “the element”—of the vascular disease
component in a large number of patients with PH,
and also that there is a spectrum of severity of PH
and of lung vessel pathology.

The lung vessel abnormalities include small
vessel- and lung capillary loss, intima and media
abnormalities, in situ thrombosis, pulmonary
embolism, and bronchial artery thrombosis.
Presently, we do not understand how the various
vascular abnormalities relate to the severity of
PH at rest and during exercise; the contributing
role of chronic or intermittent nocturnal hypoxia
remains also unresolved. Genetic determinants of
PH in COPD/emphysema are by and large
unknown. One recent study found an association
between IREB2 (iron regulatory protein 2, an
RNA binding protein) and GALC (encoding
galactosylceramidase) and pulmonary artery
enlargement in COPD patients [7].

The concept of a homeostatic lung structure
maintenance “program” [8, 9] allows us to
explain the loss of pulmonary vessels as a conse-
quence of the action of endothelial cell toxic fac-
tors like acrolein [10], leukotriene B4 [11], and
sphingolipids (ceramides) [12], and apoptosis
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induced by loss of endothelial cell maintenance
factors like VEGF [13].

Paradoxically, the expression of HIF 1 alpha,
VEGEF, and VEGF receptors is reduced [14]—
however, one would expect rather an increased
expression of HIF 1 alpha in the setting of
hypoxia and chronic inflammation. Studies
designed to phenotype and genotype COPD
patients are required in order to understand why
some patients develop PH and others do not
[15]. There are major unresolved questions,
like: Why does not every smoker develop PH?
What are the root causes of “cor pulmonale”
[15, 16]? Why do smokers with COPD develop
a functional impairment of the left ventricle?
These are just a few of the unanswered
questions.

Therapy of patients with COPD/emphysema
with PH-targeting drugs remains problematic
because of the possibility of inducing V/Q mis-
match, yet there may be still ill-characterized
subgroups of COPD patients with PAH that can
be treated with PH drugs.

In animal models of emphysema, it can be
shown that loss of alveolar structures can be
reversed. New, non-broncho/vaso/dilator drugs
need to be developed which halt lung cell apoptosis

and improve pulmonary vascular endothelial cell
function [17].

Why Is There a Spectrum of Lung
Vascular Abnormalities in COPD?

At present, there is no generally accepted expla-
nation for the variability of pulmonary vascular
abnormalities in COPD/emphysema and we
resort to the hypothesis of a genetically and epi-
genetically controlled lung structure mainte-
nance program which may be more or less
effective in defending the lung vessels against
the toxic effects of the multiple components of
cigarette smoke [7]. Figure 14.1 depicts and puts
in context the most commonly accepted ele-
ments of the pathophysiology of COPD, includ-
ing pulmonary vasoconstriction and vessel loss.
Although traditionally defined as a disease of
airflow limitation, it is now apparent that all
compartments of the lung (Fig. 14.2)—including
the pleura (Fig. 14.3) can show histological
abnormalities. A scale-free model of pathobio-
logically important disease components is shown
in Fig. 14.4; some of these components may also
explain why COPD is also a systemic disease

Pathophysiology
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Fig.14.1 A schematic
depicting how different
factors contribute to the
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2) Vascular remodeling
3) Polycythemia
4) Destruction of vascular bed

1) Pulmonary vasoconstriction
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development of PH in
patients with COPD/
emphysema. Note that
“bad humor” and the
contribution of “sick
lung vessel” and their
metabolic products are
not included in this
concept
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Fig.14.2 COPD/
emphysema patients
represent a spectrum of
lung pathologies. Which
include airway, lung
vessel and pleura and
interstitial abnormalities.
The lung encounters the
impact of environmental
insults in all of its cells
and functional
compartments

Airway
disease

In situ
thrombosis

with multiple extrapulmonary disease manifes-
tations. It is somewhat intuitive that inhaled
tobacco smoke causes airway irritation and
inflammation; however, the damage to the lung
vascular endothelium by smoke continues to be a
fact that is not immediately intuitive and difficult
to accept by many investigators.

The striking accumulation of anthracotic pig-
ment deposits in the perivascular space (Figs. 14.5
and 14.6) is proof of a particle contribution to the
vascular injury and remodeling. Very likely these
carbon and iron particles are being transported to
the perivascular space via the lymphatics. In
addition, inhaled tobacco smoke components
gain access to the circulation and affect the func-
tion and fate of lung vessel endothelial cells. The
best example is acrolein, a highly chemically
aggressive aldehyde, which is measurably ele-
vated in blood and excreted in the urine [10].
Cytokines like IL-6 are likewise circulating
through the lung vessels and can damage the
endothelium. Circulating microparticles can also
damage the lung vessel endothelium [18]. The
studies by Barbera’s group, which documented
endothelial cell abnormalities in normoxemic
smokers without airflow limitation [3], leave no
doubt about the toxicity of cigarette smoke com-

Fibrosis

COPD/emphysema: of the lung are involved

Muscularized arterioles Vessel loss

Thromboembolism

ponents that can also be easily demonstrated by
studies of cultured lung vascular endothelial cells
[19]. Parajuli et al. [20] showed an impressive
loss of lung vessels in chronically cigarette
smoke-exposed ~mice—iNOS-deficient mice
were protected; Misonou et al. [21] suggested
that acrolein generates nitric oxide-dependent
endothelial cell apoptosis. Thus, there is animal-
and cell experimental evidence that categorically
supports the notion of cigarette smoke-related
lung endothelial cell damage. Yet, we are ill
informed about the genetically and epigenetically
controlled mechanisms that direct the protective
forces of the lung and those that lead to severe
PH with or without interstitial fibrosis. Mizuno
et al. [22] reported that deficiency of p53 pro-
motes lung vascular remodeling and development
of PH and studies in COPD patients have revealed
a polymorphism in the MDM?2 gene; the MDM?2
protein is involved in the breakdown of p53. A
possible model of lung vessel loss due to ciga-
rette smoking is shown in Fig. 14.7.

To summarize: the spectrum of lung vascular
structural abnormalities is large, reaching from
intima thickening in asymptomatic smokers to
severe vascular pathology (Fig. 14.8) which can
include plexiform lesions [23].
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Fig.14.3 (a) The pleura, highlighted by arrows, is mildly
thickened and shows patchy lymphocyte clusters (star).
Small vessel within the pleura are congested, filled with
red blood cells. Although much of the septa are destroyed
by emphysematous changes, the parenchymal small ves-
sels (block arrows) stand out in stark relief to the air-
spaces. In contrast, small airways appear decreased in

number. (b) This is an image from the same patient in
which the small pulmonary arteries show medial hyper-
trophy; the arteries are unaccompanied by small airways.
Marked emphysematous changes, characterized by
enlarged airspaces (asterisk), are evident. There is con-
gestion of the pleural vessels, highlighted by the intralu-
minal red blood cells
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Scale free node (hub) model of COPD

Dendritic cells :

T cells

Fig. 14.4 A scale-free hub model of pulmonary and mechanisms and (in red) vascular abnormalities both of
extrapulmonary disease components. The center (blue  which likely are also responsible for extrapulmonary dis-
circle) is the adult lung structure maintenance program. ease components

Highlighted (in yellow) are immune and autoimmune

Fig.14.5 A longitudinal view of a bronchiole line by cili-  Additionally, the alveolar septa surrounding the bronchi-
ated, columnar to cuboidal epithelium. The underlying ole show clubbing of the tips and enlarged spaces, consis-
connective tissue demonstrates dense anthracosis. tent with emphysematous changes
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Fig.14.6 (a) High power image of a bronchiole demon-
strating dense anthracotic (carbon) pigment deposition
(arrow) in peri-airway interstitium. The lumen of the
bronchiole contains macrophages admixed with mucin
(asterisk). The airspace macrophages extend into the adja-
cent lumens of the respiratory bronchioles and alveolar
spaces. (b) Dense anthracotic pigment deposition in peri-
airway distribution. There is mild lymphocytic inflamma-
tion in association with the anthracosis (arrows). The
adjacent alveolar septa are thin and delicate. A portion of
a pulmonary artery is visible at the bottom right. (c)

»
'

Fig.14.7 A model of lung vessel loss. This model shows
how several factors converge on the important transcrip-
tion factor hypoxia-inducible factor 1 alpha which impor-
tantly controls the gene expression of vascular endothelial
growth factor (VEGF). HDAC 2 = histone deacetylase 2

Longitudinal view of an airway with anthracosis of the
surrounding connective tissue. The bronchiolar epithe-
lium is ciliated and columnar (arrows). The adjacent alve-
olar septa are thin and anthracosis is focally visible in the
septal tissue. The pleura is highlighted by the dense
anthracosis that accumulates along vascular channels
within the pleura. The bronchial arteries within the pleura
are ectatic and congested. The adjacent alveolar septa are
mildly thickened, presumably as a response to repeated
septal breaking and accompanying scarring. Alveolar
macrophages (asterisks) accumulate within the airspaces

Vessel loss

e cigarette smoke

i
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Fig. 14.8 (a) Pentachrome (Movat) stain of a small pul-
monary artery. The intima, which is located between the
internal elastic lamina (black) and the lumen (containing
red blood cells), is thickened by fibroblastic tissue. The
media (between internal and external elastic laminae) is
of normal thickness. The adventitia (yellow collagen) is
normal in thickness. Airspace mucin, visible to the right
of the vessel, stains bright blue. (b) Corresponding H & E
stained image to the pentachrome stain described above.
Here, one can appreciate the thickened vessel wall, but the
elastic layers are difficult to discern on H & E. In addition,
the abundant mucin visible on the pentachrome stain is

A Spectrum of Vasoreactivity
and Response to Exercise

As there are several histopathological pulmo-
nary vascular manifestations, there is a spec-
trum of responses of the COPD patient’s lung
circulation to acute and chronic hypoxia and to
exercise. Ideally, the testing of pulmonary vas-
cular reactivity should include a hypoxic chal-
lenge of normoxemic patients and an attempt to
normalize the hypoxemia in those patients that
are hypoxemic and are using supplemental oxy-
gen. To assess the degree of pulmonary vaso-
constriction, a vasodilator drug like prostacyclin

more subtle on the standard H & E. However, the peri-
airway anthracosis (arrow) is easier to appreciate on this
stain. (¢) Arteriole within the alveolar parenchyma dem-
onstrating thickening of the wall with prominent elastic
laminae (elastic tissue highlighted by black on penta-
chrome/Movat stain, arrow). The airspaces are enlarged
and clubbed septal tips are evident (asterisks). (d) H & E
stained image corresponding to the pentachrome image
above. The wall of the arteriole is thickened, indicating
small vessel disease. There is increased perivascular col-
lagen deposition (arrow), which is yellow on the corre-
sponding pentachrome stain in (c¢)

or acetylcholine should be administered [24]
following the correction of the hypoxemia. In
such a way, the hypoxic and non-hypoxic com-
ponent of vasoconstriction can be separated. At
present, right heart catheterization and pulmo-
nary vasoreactivity testing are not standard pro-
cedures that are regularly performed during the
workup of PH in patients with COPD/emphy-
sema, perhaps because the degree of PH in most
PH patients is mild—when evaluated at rest!
While the magnitude of the acute hypoxic
pressure response appears to be greater in older
men when compared with younger man [25],
chronic intermittent nocturnal hypoxemia may be
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the condition missed most frequently in
pulmonary  hypertensive =~ COPD  patients.

Supplementation of oxygen during the night,
with or without CPAP is the treatment of choice
for the PH of those patients.

Little new information can be added—since
Benjamin Burrows pioneering studies [2]—when
it comes to the description of the spectrum of exer-
cise-induced PH in COPD patients. Figure 14.9
shows this spectrum of responses ranging from a
small increase in the pulmonary arterial pressure
to an impressive, large rise. In the absence of data
relating to the morphology of the lung vessels in
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Fig. 14.9 The classical hemodynamic studies showing a
spectrum of exercise-induced reponses (Burrows B et al.,
NEJM 1972; (Reference [2]))

individual patients [26], the degree of pulmonary
hyperinflation or air trapping (Fig. 14.1) is usually
proposed as the mechanism explaining the degree
of pulmonary pressure response [27, 28]. Some
authors have found a mild correlation between
resting pulmonary arterial pressure and the DLCO
[29]. The group of Joan Albert Barbera recently
conducted a large population study of patients
with GOLD class 2-4 and found that exercise
induced PH was very common in COPD patients
(Fig. 14.10), for example, in GOLD Class 3
patients the mean pulmonary artery pressure
increased from a resting value of 20 mmHg to a
peak exercise value of 45 mmHg [30].

COPD and Heart Involvement

Although the term “cor pulmonale” is still in use
(for a review see [31], the mechanisms responsi-
ble for cardiac involvement remain largely
obscure. It is now accepted that hypoxic pulmo-
nary vasoconstriction or pulmonary hypertension
are insufficient as a causal explanation for the
development of “cor pulmonale”—in particular
since right ventricular dysfunction has been
described in COPD patients without resting pul-
monary hypertension [32]. Apparently, there is a
correlation between the degree of emphysema-
tous tissue destruction and pulmonary hyperten-
sion [33]. There is also evidence for impaired left

70 - p<0.01 p < 0.01 p<0.01
| — | — | —
60
B 50 -
T
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E 40-
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1
Fig.14.10 Recent data showing the
degree of exercise-induced PH in 10 +
COPD patients in relationship to their é é "1
GOLD classification. From Portillo K
n =40 n=239 n=6

et al., Int J Chr Obstruct Pulm Disease
2015, (Reference [30])

GOLD spirometric grades
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ventricular function in COPD patients [34] and
for these reasons it appears that the term “cor pul-
monale” is neither timely nor accurate. Certainly,
coronary artery disease is a comorbidity in
patients with COPD [35], yet cardiac dysfunction
can be documented also in patients where coro-
nary artery disease has been ruled out by angiog-
raphy. One hypothetical explanation or concept is
the effect of a “sick” lung circulation on the myo-
cardial microcirculation [26]. Briefly, functional
and morphological alterations of the lung ves-
sels—in particular of the small vessel endothelial
cells—generate a “bad humor” which impacts on
the cardiac microvessels. The bad humor con-
tains inflammatory mediators, cytokines, mic-
roparticles, and vasoactive substances normally
removed from the circulation during the passage
of blood through the lung circulation. This loss of
filter activity is a part of the well-documented
pulmonary endothelial cell dysfunction in COPD
[36]. It is now appreciated that microparticles
contain RNA which could influence the gene
expression pattern of myocardial capillary endo-
thelium. To formally address this hypothesis
assessment of the blood exiting the lung (arterio-
venous gradient) will be necessary; the bioactiv-
ity of microparticle-enriched plasma can be
examined using vascular rings or cultured endo-
thelial cells.

Taken together, impaired cardiac performance
in patients with COPD can occur with and with-
out pulmonary hypertension and with and with-
out coronary artery disease. Both a pulmonary
vascular and a cardiac “secretome” may be par-
ticipating in the pathogenesis of myocardial dys-
function in patients with COPD. As we are
learning more about the specific components of
lung inflammation and altered pulmonary immu-
nity in COPD [37-39], we may also gain a better
understanding of the details of lung—heart inter-
actions in chronic lung diseases and the very
opaque term ‘“cor pulmonale” may eventually be
understood mechanistically. We want to point out
that to date there have been no studies that have
used modern immunohistochemical methods or
tools that allow the assessment of gene and pro-
tein expression in the hearts from patients with
COPD. This is a large deficiency and partially

explains why we have this knowledge gap. Thus,
while we have some histological and molecular
information that characterizes right ventricular
hypertrophy and to a lesser extent right heart fail-
ure in patients with severe PH [40, 41], similar
data in COPD are lacking.

Treatment of COPD-Associated
Pulmonary Hypertension

The conventional wisdom has it that underlying
causes of COPD should be strategically targeted-
like inflammation, hypoxemia or polycythemia,
and sleep apnea if present. For years now investi-
gators and practitioners have asked whether
drugs used for the treatment of patients with PAH
(WHO Group 1) should also be used to treat
patients with COPD-associated PH. This ques-
tion is particularly directed towards the COPD
patients with “out-of-proportion” PH [42-46].
Over the last three decades, many vasoactive
drugs have been considered for the treatment of
PH in patients with COPD [47-50]; usually, the
study cohorts were small and the patients were
not well phenotyped. Reports using calcium
antagonist for the treatment of COPD-associated
PH showed mixed results [48—50]. Acetylcholine
infusion and inhaled NO have been tested, and it
was shown that acetylcholine worsened gas
exchange while inhaled NO induced pulmonary
selective vasodilation [51, 52]. These studies
were the precursor studies, which are now lead-
ing to clinical trials of sildenafil and riociguat
[53-56]. Because prostacyclins are effective in
the treatment of severe PAH a small number of
patients with COPD-associated PH have been
treated with epoprostenol or inhaled iloprost.
Ishikawa et al. [57] treated a COPD patient with
severe PH and a low cardiac output with infusion
of epoprostenol and reported improved right
heart function, and Hegewald and Eliott [58]
reported a treatment effect that was sustained for
2 years in a COPD patient treated with inhaled
iloprost who had a mean pulmonary artery pres-
sure of 74 mmHg. The acutely inhaled iloprost
was found to be safe in exercising patients with
COPD-associated PH [59], yet Boeck et al. [60]
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studied 16 patients with COPD-associated PH
after acute iloprost inhalation and reported an
unchanged 6-min walking distance. A preclinical
study by Gomez-Arroyo et al. [61] demonstrated
in a rat model of severe PAH reduction in right
heart fibrosis and improved right heart function
after 14 days of inhaled iloprost treatment. Taken
together, these results may suggest that chronic
prostacyclin treatment may improve right heart
function in patients with severe PH.

Reed et al. [62] conducted a cross-sectional
analysis of 112 COPD patients evaluated for
lung transplantation and found that the 30% of
these patients that been treated with a statin
had a lower pulmonary artery pressure; a pro-
spective study evaluating a potential effect of
statin use on PH in COPD patients should be
conducted. A small pilot study (eight patients
with COPD-associated PH) evaluated the
3 months oral treatment with dehydroepian-
drosterone (DHEA) and the authors [63] found
a remarkable improvement of the diffusing
capacity, pulmonary hemodynamics, and 6-min
walking distance.

Summary and Conclusions

There are several manifestations of pulmonary
vascular abnormalities in COPD patients and
wide variations in the degree of pulmonary
hypertension—ranging from mild during exer-
cise to very severe at rest. We are still at the
beginning of the work of phenotyping and geno-
typing this disease spectrum. We predict that a
deeper understanding of the disease mechanisms
that may have different importance for those
patients with a genetically controlled disease sus-
ceptibility to the toxic effects of inhaled cigarette
smoke will lead to individualized treatments.
Cigarette smoke is directly toxic to the lung ves-
sels [20], (Fig. 14.11), and pulmonary vascular
remodeling in chronic smokers but may also
involve the activation of a host of xenobiotic
metabolism pathways, including cytochrome
P450 enzyme catalyzed responses [64, 65].
Induced xenobiotic metabolites are also endothe-
lial cell toxic—as is acrolein.

Cigarette smoke is toxic
to mouse lung vessels
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Fig. 14.11 In mice cigarette smoking causes time (and
dose dependently), loss of lung vessels and pulmonary
vascular remodeling. From Parajuli N et al. AJRCCM,
2015, (Reference [20])

Historically, chronic hypoxic vasoconstriction
ranked premier as the mechanism of COPD-
associated PH; surely, we now must consider
inflammation, immune mechanisms, and the
chronic toxic effects of cigarette smoke as patho-
biologically important.

While investigators have traditionally been
highly reluctant to recommend drug treatment for
COPD-associated forms of PH, more recently we
witness the process of an opinion shift: patients at
the severe end of the PH spectrum should be eval-
uated for treatment with PAH-targeting drugs—
in specialized PH centers.

A recent longitudinal smokers cohort study of
the Lovelace Clinic identified approximately
32% of ever smokers as patients which demon-
strated a rapid decline in postbronchodilator
FEV1; of interest, use of angiotensin-converting
enzyme (ACE) inhibitors protected against this
rapid decline [66]. It remains to be seen whether
ACE inhibitor use can likewise protect against
the development of COPD-associated PH—or
mitigate the severity of PH or the development of
cardiac dysfunction. A recent publication by the
MESA COPD study group [67] found that a
reduction of microvascular blood flow in patients
with mild COPD; this imaging study provides
strong support for the concept of a microvascular
pathogenesis of COPD/emphysema [8].
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As pointed out above, we recommend to retire
the diagnosis of “cor pulmonale” and replace the
term with a more accurate diagnosis of right or
left ventricular dysfunction.

While vasodilator drugs may be effective in the
treatment of a few COPD patients with severe PH,
perhaps most patients with COPD may benefit in
the long run from treatment with drugs like statins
or ACE inhibitors. Multicenter controlled clinical
trials should follow small exploratory pilot trials
of well-phenotyped COPD/PH patients. It appears
that the time of treating PH in patients with
COPD—and the prevention of PH and associated
cardiac dysfunction—in this group of patients,
has come. Much work is needed as illustrated by
the recent ATS/EUR RESPIR SOCIETY research
agenda for COPD statement, as unfortunately, PH
was but a footnote [35].

In so many words: it is a great time for COPD-
associated PH research [68-71].
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Prevention of COPD

HyoungKyu Yoon

Introduction

Chronic obstructive pulmonary disease (COPD),
a common preventable and treatable disease, is
characterized by persistent airflow limitation that
is usually progressive and associated with an
enhanced chronic inflammatory response in the
airways and lungs to noxious particles or gases
[1]. Chronic airway inflammation, which is a
pathogenic mechanism of COPD, is caused by
gene—environment interactions. Although the
genetic factors contributing to gene—environment
interactions cannot be controlled, COPD can be
prevented if the environmental risk factors are
eliminated. COPD prevention is more important
than treatment because it is almost impossible to
lung function normalization after airflow limita-
tion occurs in COPD.

Rates of COPD have continuously increased
worldwide, as people become increasingly
exposed to COPD environmental risk factors,
especially in developing countries. Until now, the
majority of research and therapeutic interven-
tions have focused on treating COPD after it
develops. There has been limited focus on COPD
prevention. Efforts to prevent COPD are lacking,
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particularly because they have not focused on
primary prevention.

Strategies used to prevent any chronic disease
can be divided into three stages: (1) primary pre-
vention to suppress the occurrence of disease, (2)
secondary prevention to diagnose and treat a dis-
ease in its early stages, and (3) tertiary prevention
to treat a patient with a disease in progress so that
he or she can resume a normal life.

In the case of COPD, primary prevention
involves preventing healthy people from becom-
ing exposed to COPD risk factors to prevent the
development of COPD. Primary prevention is the
most crucial aspect of COPD management. To
make an effective COPD prevention strategy, it is
necessary to clarify what a COPD risk factor is.
Among several risk factors, smoking is the most
important for COPD. Smoking prevention and
smoking cessation are central aspects of epide-
miological measurements to counteract COPD
epidemics [2].

However, at least one-fourth of patients with
COPD are nonsmokers, and the burden of COPD
in nonsmokers is higher than previously believed
[3]. Risk factors for COPD in nonsmokers
include genetics, long-standing asthma, outdoor
air pollution (from traffic and other sources),
environmental smoke exposure, indoor air pollu-
tion such as biomass smoke, diet, recurrent respi-
ratory infection in early childhood, tuberculosis,
and exposure to toxic gas or dust in the work-
place. Indoor pollution, which is caused by using
biomass for heating and cooking in developing
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countries, is a significant problem. Additional
causes of COPD include old age, low socioeco-
nomic status, chronic bronchitis, airway hyper-
sensitivity, and infection.

Preventive strategies are also important in
patients with established COPD. Continued
exposure to noxious agents promotes a more
rapid decline in lung function and increases the
risk of repeated exacerbations, eventually leading
to end-stage disease. Without major prevention
efforts, there will be an increasing proportion of
end-stage patients who can live longer through
long-term oxygen therapy and assisted ventila-
tion, but with increased suffering and costs.
Therefore, secondary prevention, which involves
diagnosing COPD in its early stages and prevent-
ing constant exposure to risk factors, is also very
important. Indeed, preliminary research has
shown that early intervention based on minimiz-
ing these risk factors might be a cost-effective
way to prevent COPD.

The main point of tertiary prevention is to pre-
vent death by COPD by controlling the rapid
decrease of lung function through proper treat-
ment and by preventing acute exacerbation.

This chapter primarily discusses the primary
prevention of COPD and the use of spirometry
related to early diagnosis during secondary pre-
vention. Tertiary prevention is about controlling
the progression of COPD and treatment related to
the prevention of acute exacerbation.

Primary Prevention: COPD Risk
Factors and Their Prevention

Interventions based on reducing exposure to
COPD risk factors are critical to strategies aimed
at preventing COPD. The most important way to
prevent COPD is to avoid smoking and reduce
exposure to toxic gases or dust in many ways,
such as via occupational exposure.

Smoking

The major risk factor for the development of
COPD is cigarette smoking, and 90% of deaths

due to COPD are directly attributable to smok-
ing. It is well known that cigarette smoking
accounts for 80% of the total COPD burden.
Therefore, smoking cessation is the most effec-
tive means of halting or slowing the progress of
this disease.

Although previous studies suggested that
10-15% of smokers develop COPD, more recent
studies indicate that some degree of airflow limi-
tation is present in up to 50% of smokers, with
clinically significant COPD being present in
approximately 25% of smokers [4]. Smoking
cessation is the most effective means of stopping
the progression of COPD as well as increasing
survival and reducing morbidity. This is why
smoking cessation should be the top priority in
the treatment of COPD [5]. Presently, quitting
smoking and home oxygen therapy are the only
ways to lower mortality rates among COPD
patients.

Smoking cessation can lead to primary, sec-
ondary, and tertiary prevention, so it is the most
important part of any COPD prevention strategy.
Encouraging people to quit smoking in order to
prevent further lung damage is the most impor-
tant and valuable task and should be the most
important goal of all doctors who treat COPD. Of
course, this is true for all smokers, whether they
are COPD patients or not. However, many COPD
patients are unable to quit smoking. Smoking is
very common among COPD patients; 54—77% of
mild COPD patients and 38-51% of severe
COPD patients smoke [5]. In order to achieve a
reasonable quit rate, it is necessary to administer
behavioral support (e.g., counseling) in combina-
tion with pharmacological drugs [6].

Preventing or limiting lung damage through
smoking cessation should be the foremost goal of
all physicians managing COPD. Of course, all
smokers should be encouraged to stop smoking,
whether they have COPD or not. Smoking cessa-
tion reduces the rate of FEV, decline and
improves respiratory symptoms and health-
related quality of life.

Even brief counseling can be effective. All
doctors must ask their patients whether they
smoke and determine if they want to quit smok-
ing, and smokers should be encouraged to quit.
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Of the various behavioral interventions available
that can increase the likelihood of smoking cessa-
tion, one of the simplest and most effective strate-
gies that physicians can use is to simply advise
their patients to quit, particularly if this advice is
combined with information about the patient’s
“lung age” [7].

However, doctors should consider drug treat-
ment to induce more effective smoking cessation
results. First-line pharmacological drugs used for
smoking cessation include nicotine-replacement
therapy (patches, gum, inhalers, nasal sprays, loz-
enge/tablets, and oral sprays), varenicline, and
bupropion SR. These drugs have scientific, well-
documented efficacy when used for 2—3 months
[6, 8, 9]. All pharmacologic therapies must be
combined with support and counseling for maxi-
mum efficacy [10]. Verified quit rates at 12 months
of follow-up were 13.6 and 6.4% in the interven-
tion and control groups, respectively. Thus, telling
smokers their lung age based on spirometry
results may increase the likelihood that they will
quit smoking [11].

Exposure to Biomass Smoke

It is increasingly recognized that a significant
proportion of patients with COPD are
nonsmokers.

This proportion is generally higher in devel-
oping countries, where exposure to biomass
smoke for heating and cooking is common (e.g.,
up to nearly 70% of people in India with COPD
are nonsmokers) [3], but it is also significant in
the developed world, with just under 40% of
people with COPD in a recent New Zealand
study being people who smoked and overall
international figures ranging from 25 to 45%
[12]. According to the World Health
Organization, approximately 50% of all house-
holds and 90% of rural households utilize bio-
mass or coal fuels for cooking and heating in the
world. About three billion people worldwide are
exposed to smoke produced from biomass or
coal fuel burning [3].

According to the World Health Organization,
approximately 50% of all families and 90% of

families in rural areas use biomass or coal for
cooking and heating in developing countries.
About three billion people are affected by smoke
from biomass or coal combustion.

There are several ways to reduce indoor air
pollution exposure, such as by changing fuel type
or using an improved vented coal stove. Most of
all, recognition of indoor air pollution as a cause
of COPD is a key element of prevention.

Outdoor Air Pollution

According to longitudinal cohort studies, outdoor
air pollution is related to a decrease in lung func-
tionin children and adolescents [13, 14]. Therefore,
the risk of COPD can be increased upon exposure
to air pollution. This harmful effect of air pollution
may be caused by lung development impairment
during childhood. Several studies have indicated
that particulate pollution and nitrogen dioxide
(NO,) are significantly associated with impaired
lung development.

The two air pollutants that most commonly
exceed standards are ozone and particulate matter.
Ozone and particulate matter can harm anyone if
levels are sufficiently elevated, but health risks
from air pollution are greatest among vulnerable
populations. Both ozone and particulate matter
can cause pulmonary inflammation, decreased
lung function, and exacerbation of asthma.
Particulate matter is also strongly associated with
increased cardiovascular morbidity and mortality.
Children, older adults, and other vulnerable per-
sons may be sensitive to lower levels of air pollu-
tion. For persons who are aware of local air
pollution levels, the seriousness of air pollution
(provided by a government agency) can be
checked on the Internet in real time. For avoiding
exposure to outdoor pollution, simple measures
can be taken; these include limiting the exertion
and time spent outdoors when air pollution levels
are highest and reducing the infiltration of out-
door air pollutants into indoor spaces [15].

In adults, higher levels of particulate matter
(<10 mm [PM10]) are negatively associated with
FVC, FEV,, and FEV/,/FVC. Higher PM10 levels
are also correlated with an increased risk of COPD.
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COPD acute exacerbation and symptoms
become worse when outdoor air pollution is high.
COPD patients should limit their outdoor activ-
ity, and younger people also needed to avoid
exposure to outside when air pollution levels are
high. The most effective solution is to reduce air
pollution, which will require more effort across
the country as well as international cooperation,
as pollution is not limited to the countrys; it is pro-
duced in and also influences nearby countries.

Occupational Exposure

There is consistent evidence from population
studies that a median of 10—-15% of the total bur-
den of COPD is associated with exposure to
inhaled vapors, gases, dust, and fumes (VGDF)
in the workplace [16]. The evidence supporting
these risks varies. For example, the role of coal,
cadmium, silica, and biomass in COPD is rela-
tively well established, and the role of more
generic exposure to potentially harmful inhaled
substances in the workplace is supported by evi-
dence from a number of studies.

The causes of inorganic dust exposure are
welding, coal, coke, asphalt, silica, cement, tun-
nel work, cadmium, glass, bangle, and bleach.
The causes of organic dust are cotton, flax, jute,
farming, grain, and wood.

Control measures to prevent or reduce exposure
to VGDF in the workplace are the most effective
methods of reducing occupational COPD. However,
it is also important to diagnose COPD at the early
stage and in patients with rapidly decreasing lung
function. These individuals can be identified at
work by accurate annual assessments of lung func-
tion [16]. Lung function programs and health sur-
veillance systems are needed for this purpose.
Workers in high-COPD-risk workplaces should
undergo regular examinations of lung function and
surveys of pulmonary symptoms.

Nutrition

Many studies have reported that people who eat a
diet high in antioxidants, such as vitamin C and

vitamin E, have good lung function, but the rea-
sons for this are not clear. Many studies report
COPD “outbreaks” in obese patients although
many other studies have opposite findings [17].
The relationship between nutrition and COPD
prevention is not clear, but proper nutrition and
maintaining a normal weight lead to a better
prognosis in COPD patients.

Bronchial Asthma

Asthma is associated with accelerated lung
function decline. This decline is greater in
smoking asthmatics. Low baseline lung func-
tion (FEV,% predicted), less reversibility to
2-agonists, more severe bronchial hyperre-
sponsiveness, mucus production, male sex, and
frequent exacerbations are associated with an
excess decline in FEV, among persons with
asthma. Most studies indicated that irreversible
obstruction occurs in older patients with a lon-
ger duration of asthma; duration of asthma
appears to be more important than chronologi-
cal age. Whether interventions designed to con-
trol tissue remodeling in asthma can prevent the
development of COPD is a question that needs
to be addressed.

Several studies have shown that childhood
asthma may be associated with abnormal lung
function in adults. Optimal control of bronchial
asthma, especially during childhood and adoles-
cence, is important to prevent permanent impair-
ment of lung function.

Risk Factors of Early Origin

There is growing evidence that COPD may begin
very early in life. It may be associated with lung
damage to the developing lung during the intra-
uterine period and the first few years of postnatal
life, when lung growth and development are
rapid. Early-life risk factors may include fetal
and early infant growth patterns; preterm birth;
maternal obesity, diet, and smoking; the child’s
diet; allergen exposure; respiratory tract infec-
tions; and genetic susceptibility [18]. The most
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important risk factor for chronic obstructive lung
diseases in childhood is maternal tobacco smok-
ing [19].

Recently, information about early-life risk
factors has become more accessible, but people
do not know how big this influence is, and there
is no effective prevention. However, it will be
very important to identify those individuals who
are exposed to these risk factors early in life in
order to begin proper observation and treatment.
Furthermore, physicians need to recognize that
lung disease is potentially associated with early-
life insults and provide better education regard-
ing diet, exercise, and the avoidance of smoking
to preserve the precious reserves of lung function
in susceptible adults [20].

Secondary Prevention
Early Detection: Spirometry

According to the Lung Health Study (LHS), lack
of awareness and knowledge about COPD among
healthcare providers is an important factor in
misdiagnosis and/or delays in diagnosis. Major
overhauls in both cultural and primary care set-
tings are needed to achieve the goal of early
COPD diagnosis. Extensive innovation and
changes are needed in primary treatment to diag-
nose COPD in its early stages. Spirometry is a
method commonly used to diagnose early-stage
COPD. Medical personnel should be educated to
perform spirometry when smokers older than
40 years show respiratory symptoms [21].

The LHS showed that spirometry can be suc-
cessfully used to assess smoking cessation as a
means to prevent COPD progression [22].
According to recent research, spirometry can
effectively encourage patients to quit smoking,
especially those whose spirometry results show
respiratory obstruction [23]. However, in other
studies, public spirometry not with high-risk
groups did not effectively encourage people to
quit smoking. However, there are limitations to
these findings, as many young people were
included as a target group in this research. There
is no definite evidence showing that public

spirometry in smokers older than 40 years
increases the possibility that a person will quit
smoking or identifies early-stage COPD patients.

Smoking Cessation in COPD Patients

The LHS, a 5-year early intervention study com-
bining behavioral therapy and nicotine gum ver-
sus standard care in 3926 smokers with
mild-to-moderate airflow limitation due to
COPD, demonstrated that participants who quit
smoking and remained abstinent had improved
FEV, in the year after quitting smoking and dem-
onstrated a subsequent age-related decline in
FEV, that was half the rate of continuing smokers
[24]. This benefit of sustained smoking cessation
in slowing the rate of progressive lung function
loss to a level comparable to that of never-
smokers persisted for at least an additional
6 years among the quitters who remained
abstinent [7].

Brief advice and spirometry are effective to
support smoking cessation in COPD patients. In
one study, subjects were made to underwent
spirometry and were given smoking cessation
advice by a nurse and a letter from a physician
reinforcing the results of their spirometry annually
for 3 years. After various exclusions, of those
remaining in the study after 3 years, 25% of
smokers with COPD at baseline had been smoke-
free for 1 year compared to 7% of those smokers
with normal lung function who received the same
level of intervention [25]. In a separate analysis of
data from the LHS, a reduction in the number of
cigarettes smoked per day in the absence of com-
plete cessation did not influence the rate of decline
in lung function unless the percentage reduction
was very marked (>85%), a degree that was
achieved by only a small minority of subjects [26].

When COPD patients quit smoking, infec-
tion causing acute exacerbation and a decrease
in lung function occurs at lower rates.
Additionally, COPD patients who quit smoking
consistently show reasonable decreases in all-
cause mortality, cardiovascular disease, lung
cancer, coronary heart disease, and death due to
other factors [27].
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Tertiary Prevention
Prevention of Disease Progression

COPD is a heterogeneous disease. As shown in
the ECLIPSE study, the speed of decrease in lung
function varies among patients, such that one
patient can show almost no decrease in lung
function while another patient shows a rapid
decrease. Tertiary prevention of COPD involves
controlling this decrease of lung function by find-
ing the causes of the rapid decrease in lung func-
tion and providing active treatment that is
designed for end-stage COPD. It is very impor-
tant to discover biomarkers to help identify this
rapid-decliner group early. To discover this bio-
marker, it is necessary to use diverse methods,
such as spirometry and chest computed tomogra-
phy scan and to assess airway hyperreactivity,
health status, physical activity, and comorbidity.
The proper treatment of COPD phenotypes has
not been identified, but phenotypic-specific treat-
ment will be a crucial aspect of COPD tertiary
prevention in the future.

Smoking cessation is the most crucial and
effective method to control the speed of lung
function decline in COPD patients. Therefore, all
COPD patients must not smoke, regardless of the
severity of COPD.

Several large randomized controlled studies
[22, 28, 29], suggest that disease progression can
be slowed in established COPD. In the TORCH
study, spirometry also showed significantly
reduced progression with fluticasone propionate
(13 mL/year), salmeterol (13 mL/year), and the
combination (16 mL/year) compared with pla-
cebo although these differences are less than the
generally accepted clinical target of 20 mL/year.
The UPLIFT study reported no significant differ-
ence in lung function decline between patients
given tiotropium and those given placebo.
However, among individuals with moderate dis-
ease, the rate of FEV, loss among those given
tiotropium was 6 mL less than that of controls.
Although not tested for primary or secondary
prevention, these findings suggest that, as with
smoking cessation, pharmacological interven-

tions could be more effective in early disease
than in late disease [30].

Prevention of Acute Exacerbation

Acute exacerbation represents the biggest portion
of the socioeconomic cost of COPD treatment.
Additionally, acute exacerbations reduce quality
of life and lung function and can even cause
death. Therefore, prevention of COPD acute
exacerbation is very important in tertiary
prevention.

Influenza vaccine reduces approximately 37%
of the total number of exacerbations per patient
compared with placebo because vaccination pre-
vents late exacerbation after 3—4 weeks [31].
However, 23 valent pneumococcal vaccines can-
not prevent acute exacerbation and reduce the
number of deaths due to COPD.

According to a large randomized controlled
study, long-acting B agonist (LABA) or long-
acting antimuscarinic (LAMA) bronchodilators
and inhaled corticosteroid-LABA combinations
prevent exacerbation. Triple therapy with inhaled
corticosteroid-LABA plus LAMA shows an
additional prevention effect. Antibiotics such as
PDEA4 inhibitors and azithromycin can also pre-
vent exacerbation. Strong evidence indicates that
daily variation in exposure to outdoor air pollu-
tion is correlated with acute exacerbations of
COPD.
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Pharmacologic Management

Seong Yong Lim

Inhaled Corticosteroids (ICS)

ICS are the cornerstone of anti-inflammatory
agents in asthma, and are recommended as
monotherapy or combination with long-acting
B2-agonists (LABA) or leukotriene receptor
antagonists. In contrast to the crucial role in
asthma, evidence that ICS therapy is beneficial to
patients with COPD is limited. ICS provide little
benefit in COPD patients and are generally
reserved for patients with severe COPD with fre-
quent exacerbations or asthma-COPD overlap
syndrome.

Molecular Mechanism

Corticosteroid-Induced Gene
Transcription

Corticosteroids belong to the family of 21-carbon
steroid nuclear hormones [1] and act by binding
to and activating specific cytosolic glucocorticoid
receptors (GRs). GRs are held in a resting state
by a number of chaperone proteins, such as heat-
shock protein 90 and FK-binding protein, which
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protect the GRs and prevent its nuclear localiza-
tion by covering the receptor sites [2].

Dissociation of chaperone proteins occurred
after corticosteroids bound to GRs, which
resulted in rapid transport of the activated
GR-corticosteroid complex into the nucleus
where it induces the expression of a number of
key anti-inflammatory gene transcription (trans-
activation) following a direct association with
DNA at specific sequences in the promoter
region of corticosteroid-responsive  genes
known as glucocorticoid response elements
(GREs) [1, 2].

Alternatively, corticosteroids may act by
inhibiting the synthesis of multiple inflammatory
gene transcription (trans-repression) including
NF-xB and AP-1, which regulate the expression
of genes that code for many inflammatory pro-
teins, such as cytokines, inflammatory enzymes,
adhesion molecules, and inflammatory receptors
(Fig. 16.1) [3].

Effects on Histone Acetylation
GRs, after activation by corticosteroids,
translocate to the nucleus and bind to coactivators
in order to inhibit histone acetyltransferase (HAT)
activity [4] directly and recruit histone
deacetylase-2 (HDAC2), which reverses histone
acetylation, leading to suppression of these acti-
vated inflammatory genes.

Cigarette smoke and reactive oxygen species
(ROS) stress can prevent GR nuclear transloca-
tion or reduce the activity of HDAC?2 reducing
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Fig. 16.1 Mechanism of corticosteroid action (from
Adcock et al. [3], reproduced with kind permission). GC
glucocorticoid, GRE glucocorticoid response element,

the ability of GR to switch off inflammatory
genes [3]. Theophylline is known to have the
anti-inflammatory effects in patients with COPD
mediated through the enhancement of HDAC?2
activity that is independent of its bronchodilator
actions [5].

Mechanism of Corticosteroid

Resistance in COPD

The reduction in the corticosteroid responsive-
ness in patients with COPD has been variably
ascribed to the reduced GR expression, altered
affinity of the ligand for GRs, reduced ability of
the GRs to bind to DNA, reduced expression and/
or activity of corepressor proteins, or increased
expression of inflammatory transcription factors,
such as NF-kB and AP-1 [1, 3].

The enhanced inflammatory response and cor-
ticosteroid resistance may be explained by the
reduced activity and expression of HDAC2 as a
result of oxidative and nitrative stress in the lungs
of patients with COPD. Cigarette smoke and pro-

HDAC?2 histone deacetylase-2, IKK inhibitor of NF-xB
kinase, LABA long-acting p2-agonists, MAPK mitogen-
activated protein kinase

inflammatory stimuli activate p38MAPK, but
attenuate HDAC2 expression and activity in
patients with COPD. The reduction in GR-alpha
expression, while GR-beta expression is
enhanced, results in enhanced activation of
NF-kB p65 and unresponsiveness to corticoste-
roid (Fig. 16.2) [6].

Specimens of lung tissue obtained from
patients with increasing severity of COPD
showed that mRNA expression of HDAC and
expression of the HDAC2 protein were signifi-
cantly lower with increasing COPD severity [7].
In addition, HDAC activity was decreased in
patients with COPD, as compared with normal
subjects. The reduction in HDAC?2 expression is
associated with increased acetylation of the GRs,
which prevents it from inhibiting NF-kB-driven
inflammation [8, 9].

Several promising therapeutic strategies have
been investigated in order to reverse corticoste-
roid resistance by increasing the expression and
activity of HDAC?2 (Fig. 16.3) [8].
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kind permission). HAT histone acetyltransferase, MAPK

Clinical Evidence on the Role of ICS
in COPD

Although ICS has been widely prescribed for
COPD, the effects of ICS in the treatment of sta-
ble COPD are still controversial. Numerous long-
term studies regarding the impact of ICS on lung
function, exacerbation, health-related quality of
life, and mortality have been reported over the
last two decades.

Effect of ICS on Lung Function

Whether treatment with ICS has favorable long-
term effects by reducing the accelerated decline
in FEV, remains unclear. Early trials of ICS ther-
apy published in late 1990s in patients with mild-
to-moderate COPD did not show the benefit on

/4 ZA\J

Co-activator
HAT

mitogen-activated kinase, SP-D surfactant protein D,
TSLP thymic stromal lymphopoietin

decline in FEV, [10, 11]. Vestbo and colleagues
investigated the effects of budesonide 400 pg
b.i.d. in 290 mild-to-moderate COPD (mean
FEV,, 86% of predicted) for 3 years [10]. They
did not find any significant difference in the
annual rate of FEV, decline with either
budesonide (—46 mL/year) or placebo (=49 mL/
year) (P =0.70).

In the European Respiratory Society Study on
Chronic ~ Obstructive ~ Pulmonary  Disease
(EUROSCOP) study, Pauwels and colleagues
evaluated the effect of twice-daily budesonide
400 pg for 3 years in 1277 subjects with mild
COPD (mean FEV, 77% of predicted) who con-
tinued smoking [11]. During the first 6 months of
the study, the FEV, improved at the rate of
17 mL/year in the budesonide group, as compared
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Fig. 16.3 Therapeutic strategies for reversing corticoste-
roid resistance in COPD. HDAC2 function may be
restored by antioxidants (including NRF2 (nuclear factor
erythroid 2-related factor 2) activators), iNOS inhibitors,

with a decline of 81 mL/year in the placebo group
(P < 0.001). However, decline in FEV, between
9-month and 3-year follow-up did not differ
between budesonide and placebo group (=57 vs.
—67 mL/year, respectively; P = 0.39).

In the Inhaled Steroids in Obstructive Lung
Disease in Europe (ISOLDE) study, no signifi-
cant difference in annual decline in FEV, was
also observed between the fluticasone propionate
(FP) 500 pg b.i.d. group (—50 mL/year) and the

or peroxynitrite scavengers. Theophylline, nortriptyline,
or selective PI3KS inhibitors restore HDAC function
through the inhibition of PI3K$ (from Barnes [8], repro-
duced with kind permission)

placebo group (=59 mL/year) [12]. The Lung
Health Study (LHS) enrolled COPD patients
with FEV, between 30 and 90% and found that
FEV, decline was similar in the triamcinolone
and placebo group (—44 vs. —47 mlL/year,
P=0.50) [13].

Based on these study results, ICS therapy did
not appear to be effective to slow down the
natural course of COPD. Moreover, inconsistent
conclusion was published in two subsequent
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Table 16.1 Yearly rate of FEV, decline by treatment group in TORCH study [17]

Placebo (n=1261) | SAL (n=1334) |FP (n =1356) | SFC (n = 1392)

Adjusted rate of FEV, decline (SE), -55.33.2) —-42.3 (3.1) —4233.1) |-39.0(3.0)
mL/year
Adjusted rate of FEV, decline (SE), %/year | —1.5 (0.1) —1.0(0.1) —1.1(0.1) -0.9(0.1)
FP fluticasone propionate, SAL salmeterol, SFC salmeterol/fluticasone propionate combination
Fig. 16.4 Rate of [ Placebo SAL EJFP ESFC
decline in FEV, by
baseline post- % FEV, at baseline
bronchodilator FEV,% . N N N
predicted (reproduced 04 <30% 30% to <560% . 250% }
from Jenkins et al. [18]) —
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meta-analyses. One meta-analysis concluded that
ICS could reduce FEV, decline by a small statis-
tical mean rate of 7.7 mL/year [14]. However,
another meta-analysis showed a nonsignificant
statistical mean rate of 5.0 mL/year reduction
[15]. Recently, a Cochrane review in 2012, that
examined 55 studies with 15,154 subjects, con-
cluded that long-term use of ICS (> 6 months)
did not consistently modify FEV, decline in
COPD patients [16].

However, in contrast with the results of these
meta-analyses, in the 3-year Toward a Revolution
in COPD Health (TORCH) study, which was a
large landmark study that evaluated the effect of
fluticasone, salmeterol, and their combination on
mortality over 3 years in 6112 patients with COPD
(mean FEV, 44% of predicted), FP showed a sig-
nificant improvement in FEV, decline (—42 mL/
year, —1.1%/year) compared to placebo (—55 mL/
year, —1.5%/year) (Table 16.1) [17].

In a subgroup analysis of the TORCH study,
the reduction in the rate of decline in FEV, with
FP vs. placebo was 14 mL/year in GOLD grade 11

patients, 13 mL/year in GOLD grade III patients,
and 6 mL/year in GOLD grade IV patients
(Fig. 16.4) [18].

In addition, the Groningen Leiden Universities
Corticosteroids in Obstructive Lung Disease
(GLUCOLD) study evaluated the long-term
effects of fluticasone with or without salmeterol
in patients with COPD who had not used ICS for
at least 6 months prior to inclusion [19]. Placebo,
or first 6 months’ FP treatment followed by
24-month placebo, experienced a considerable
decline in FEV, of —87 and —65 mL/year over
2-year follow-up, respectively. Notably, treat-
ment with FP improved not only the rate of
decline in FEV,, being close to zero, but also, at
the same time, the bronchial hyperresponsiveness
and inflammatory parameters.

The TORCH and GLUCOLD study demon-
strated significant favorable effect of ICS treat-
ment on the long-term decline in FEV, which is
opposite conclusion compared to previous early
ICS trials. Interpretation of less FEV, decline in
TORCH study has been debated. The authors
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stated that the difference in FEV, decline com-
pared with placebo group was diminished
because of the greater dropout rate in the pla-
cebo group. However, some authors criticized
that TORCH analysis of lung function decline
was not a true intent-to-treat analysis since it
was based on only 5343 out of the 6112 patients
with randomized FEV, values. Moreover, nearly
twice as many patients in the placebo group
(18%) discontinued before the end of full fol-
low-up measurement. Placebo patients who dis-
continued had a faster decline in FEV, (76 mL/
year) than those completing the trial (54 mL/
year). These missing results did not occur at
random and exaggerate differences in FEV,
decline between the placebo and treatment
groups through the statistical phenomenon of
regression to the mean [20].

Nonetheless, effect of ICS treatment on
lung function decline in TORCH study was
likely to have been observed since it was
implemented with adequate sample size which
increases the power to detect statistical differ-
ences. It should also be emphasized that major-
ity of GLUCOLD patients demonstrated
bronchial hyperresponsiveness as well as a
modest reversibility of FEV, (6.9% of the pre-
dicted value), which are characteristics of
asthma, and could be useful in identifying a
subgroup of COPD with a favorable response
to ICS treatment [21].

Effects of ICS on Quality of Life

In a number of previous studies the effects of
ICS on health-related quality of life (HRQL)
were evaluated. The St George’s Respiratory
Questionnaire (SGRQ) is a disease-specific
HRQL questionnaire [22] and a difference of
four units in the SGRQ score is considered the
minimum  clinically important difference
(MCID) [23].

In the ISOLDE study, FP treatment signifi-
cantly reduced the decline of HRQL compared to
placebo (2.0 units/year vs. 3.2 units/year, respec-
tively; P = 0.004) [12]. In the TORCH study,
HRQL, measured by the SGRQ, also showed an
improvement of 1.8 units in the fluticasone group
compared to placebo (—1.8 wunits/year vs.

0.2 units/year; P < 0.001) [24]. Fluticasone treat-
ment in the GLUCOLD study was also associ-
ated with an improvement in dyspnea, SGRQ
activity score, and clinical COPD questionnaire
(CCQ) compared to placebo [19]. However, ICS
treatment with fluticasone in the TRISTAN study
was not associated with significant improvement
of SGRQ compared to placebo (—3.1 units/year
vs. -2.3 units/year). In the review of the Cochrane
Airways Group analyzing pooling of rate of
change in SGRQ, it showed that ICS slowed the
rate of decline in SGRQ. However, the magni-
tude of this benefit was relatively small (mean
difference: —1.22 units/year; 95% CI: -1.83-0.60;
2507 participants) [16].

Although most studies demonstrated statisti-
cally favorable effect of ICS on HRQL, it is not
clear whether this improvement may be attrib-
uted to other benefits such as reduced frequency
of exacerbations. In addition, no studies have
shown that significant clinical benefit exceeds the
4-point threshold of MCID. Moreover, there have
been arguments against the use of ICS since it is
associated with HRQL deterioration in some
COPD patients, which could be linked to adverse
events by prolonged use of ICS [25].

Effects of ICS on Exacerbation

Until late 1990s no studies were able to show a
benefit on the reduction of exacerbation rate. Two
positive studies including Lung Health Study
[13] and ISOLDE study [12] were followed after
year 2000. The ISOLDE study found that the
fluticasone-treated group reported lower median
yearly exacerbation rate (0.99/year) compared
with the placebo (1.32/year), a reduction of 25%
in those receiving fluticasone, and a subgroup
analysis revealed that this was predominant in
patients with more severe disease (FEV, < 50%
predicted). The meta-analysis by Alsaeedi et al.
[26] concluded that there was surprisingly 30%
reduction in acute exacerbation of COPD receiv-
ing ICS (rate ratio (RR), 0.70; 95% CI: 0.58—
0.84). However, these positive studies received
criticism because of critical flaws in the statistical
techniques used, as some of these studies did not
use weighting of exacerbation according to
difference in total person-time of follow-up
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duration, which produced biased estimates of the
mean rate and exaggerated the influence of those
subjects dropping out early [27].

In the TORCH study, patients in the FP group
(1000 pg/day) demonstrated reduced annual rate
of moderate or severe exacerbations compared to
placebo (0.93/year vs. 1.13/year), resulting in a
rate ratio for exacerbations of 0.82, which is a
reduction of 18% in a year.

The pooled results from 11 randomized trials
(8164 patients) showed that the use of ICS was
associated with an 18% relative risk (RR) reduc-
tion in the occurrence of exacerbations (RR,
0.82; 95% CI: 0.73-0.92), which was not related
to the level of baseline lung function on meta-
regression analysis [28]. In a recent Cochrane
meta-analysis, using both generic inverse vari-
ance and pooled means analysis, Yang and col-
leagues confirmed that long-term use of ICS
significantly reduces the mean rate of exacerba-
tions (generic inverse variance analysis: MD
—0.26 exacerbation per patient per year, pooled
means analysis: MD —0.19 exacerbations per
patient per year) [16].

Effects of ICS on Mortality

For decades the topic of ICS effect on COPD
mortality has been a subject for debate, with a lot
of arguments from the case in favor and the case
against.

No significant effects were found in early ICS
trials including LHS, EUROSCOP, and ISOLDE
trials [11-13]. But a meta-analysis published in
2005 by Sin et al. suggested overall survival ben-
efit of ICS treatment, a 27% reduction in all-
cause mortality (hazard ratio (HR), 0.73; 95%
CI: 0.55-0.96) [29]. The mortality benefit was
pronounced in females, former smokers, and
patients with baseline post-bronchodilator
FEV, < 60% predicted. Another large epidemio-
logical study and post hoc analyses of RCTs have
suggested that benefit of ICS may be associated
with a reduction in cardiovascular mortality
[30-32].

However, a subsequent systematic review
and meta-analysis of 11 eligible RCTs (14,426
participants) by Drummond et al. in 2008, com-
paring ICS treatment for 6 or more months with

nonsteroid inhaled treatment, revealed that ICS
treatment did not affect 1-year all-cause mortal-
ity (RR, 0.86; 95% CI: 0.68-1.09; P = 0.20)
[33]. Positive observational studies suggesting a
reduction in mortality with ICS were criticized
for immortal time bias [34], and a pooled analy-
sis of 23 high-quality RCTs failed to show an
apparent effect of ICS on reduction of cardio-
vascular mortality (RR, 0.96; 95% CI: 0.86—
1.07; P =0.43) [35].

In the TORCH study, fluticasone had no effect
on mortality. It did not significantly differ
between FP monotherapy and placebo arm (16
vs. 15.2%; P = 0.53) [24]. Recent Cochrane
review analyzing mortality with nine long-term
studies including TORCH also supported the evi-
dence against the effect of ICS on mortality. ICS
was not associated with significant effect on mor-
tality (odds ratio (OR), 0.98; 95% CI: 0.83-1.16;
8390 participants) [16]. Therefore, the effect of
ICS on COPD mortality is still far from
conclusion.

Inhaled Corticosteroid and Long-
Acting $2-Adrenergic Agonist
Combination

Although COPD is a very heterogeneous disease,
airway inflammation and bronchoconstriction are
central features shared by many COPD patients
[36]. Therefore, such two components have been
important targets of COPD treatment. In this
respect, combination of ICS as anti-inflammatory
drug and LABA as bronchodilator is recom-
mended for the crucial therapeutic strategy in
current COPD guidelines [36, 37].

Scientific Rationale of ICS/LABA
Combination

Molecular cross talk between corticosteroids and
p2-adrenoreceptor (B2-AR) by reciprocal poten-
tiation are responsible for pharmacologic benefits
of combination treatment with ICS and LABAs
[38, 39]. There is evidence that LABAs may
affect GR and thus improve anti-inflammatory
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effect of ICS. LABAS increase the translocation
of GR to the nucleus and subsequent GR-GRE
binding, which induce the expression of a num-
ber of key anti-inflammatory gene transcriptions
(Fig. 16.5) [2, 40].

Specifically, LABAs activate f2-AR coupled
to stimulate G protein (Gs), which stimulates
adenylate cyclase to catalyze the synthesis of
cyclic adenosine monophosphate (cAMP) [41].
cAMP in turn activates cAMP-dependent protein
kinase A (PKA), which contributes to enhance
nuclear translocation of GR from cytoplasm.
Subsequently, GRs interact with specific DNA
sequences of GRE, thus inducing gene transcrip-
tion and increasing f2-AR mRNA levels [41]. As
a result, LABAs augment not only GR function
but also GR-dependent gene expression, which
eventually amplify the anti-inflammatory effects
of ICS [42, 43].

In addition, LABAs appear to be able to poten-
tiate corticosteroid-dependent histone deacety-
lation. Formoterol is capable of partially
inhibiting the activity of phosphoinositide
3-kinase delta (PI3K9), thus reversing GC insen-
sitivity caused by PI3K&-induced inactivation of
HDAC?2 under conditions of high oxidative stress
such as COPD [38, 41].

Corticosteroids positively increase the gene
transcription of B2-AR, resulting in increased
expression of cell surface receptors [44]. In this
way corticosteroids can play an important role in
maintaining f2-AR density not to be downregu-
lated by chronic exposure to LABAs [45].

Corticosteriod

Fig.16.5 Molecular
cross talk between
long-acting f2-agonists
(LABA) and
corticosteroids

Gilucocorticoid
receptor

oo

Anti-inflammatory effect

Above findings suggest that the combination
treatment of ICS and LABA appears to provide
synergistic action; LABAs improve the anti-
inflammatory effect of ICS, which in turn aug-
ments LABA responses in COPD. However,
effect of ICS alone or in conjunction with
LABAs on airway inflammation in COPD is
still less than convincing, and there is currently
no evidence that combination therapy with ICS/
LABAs is more effective in improving systemic
inflammation [46].

Clinical Evidence on the Role of ICS/
LABA Combination in COPD

After the year 2000, majority of clinical studies
have focused on the COPD outcomes of fixed-
dose combination of ICS/LABA.

Effect of ICS/LABA Combination

on Lung Function

Mahler et al. examined the benefits of fluticasone
propionate  (FP) and salmeterol (SAL)
combination (SFC) in 691 patients for 24 weeks
[47]. A significantly greater increase in pre-dose
FEV, at the endpoint was observed after SFC
(156 mL) compared with SAL (107 mL,
P =0.012) and placebo (—4 mL, P < 0.001). In
the TRISTAN study, Calverley et al. also found
that SFC increased pretreatment FEV, signifi-
cantly more than did the placebo (treatment dif-
ference 133 mL; 95% CI: 105-161; P < 0.0001),

LABA
B2-adrenoceptor

®

Bronchodilatation

(reproduced from
Barnes [40]). GR
glucocorticoid receptor,
GRE glucocorticoid

® 1 GR translocation
® 1T GRE binding

® 1 Anti-inflammatory effect
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SAL (treatment difference 73 mL; 95% CI:
46-101; P < 0.001), or FP alone (treatment dif-
ference 95 mL; 95% CI: 67-122, P < 0.001) [48].
The budesonide (BUD) and formoterol (FOR)
combination (BUD/FOR) study also reported
that BUD/FOR combination treatment main-
tained higher FEV, and pre-bronchodilator peak
expiratory flow compared to placebo or either
monocomponent [49].

Undoubtedly, the most important long-term
trial that evaluated the effectiveness of ICS/
LABA combination in COPD was the TORCH
study [24]. In a post hoc analysis, after a 3-year
treatment, the SFC combination increased the
mean post-bronchodilator FEV, by 29 mL, and
significantly reduced the rate of lung function
decline compared to placebo (placebo decline of
55 mL/year, salmeterol decline of 42 mL/year,
fluticasone decline of 42 mL/year, and salme-
terol/fluticasone  decline of 39 mlL/year)
(Table 16.1, Fig. 16.4) [17].

Although the rates of decline were signifi-
cantly reduced for all active treatment arms vs.
placebo, there were no significant differences
between ICS-containing treatments and SAL
monotherapy, which raises the question regard-
ing the benefit of ICS in lung function decline
[25]. One of the major methodologic limitations
criticized in the TORCH trial is that the absence
of a pure intent-to-treat analysis was not possible
for FEV, decline because this could not be
obtained after the subjects discontinued the study
medication. 35% of subjects in ICS/LABA and
45% of placebo group did not complete the
3-year follow-up including the 21% dropped out
in the first year [50]. Moreover, loss to follow-up
was not random: dropout patients were older, and
had a lower FEV|, and greater exacerbation his-
tory [50, 51]. Therefore, FEV, decline using
incomplete follow-up could be biased since the
slope of FEV, decline in the remaining patients
who had better lung function would have been
affected by regression to mean, which could lead
to an overestimation of FEV, decline in the pla-
cebo, eventually leading to false conclusion that
ICS-containing treatment affects lung function
decline [25, 50]. A recent Cochrane review exam-
ining between ICS and placebo revealed no sig-

nificant effect of ICS to reduce lung function
decline [16]. Another meta-analysis comparing
ICS/LABA combination vs. LABA monother-
apy, a borderline improvement in FEV, of
4-6 mL was observed in favor of ICS/LABA
[52]. However, this small benefit did not satisfy
the FEV, threshold of MCID (0.100 L or more);
thus the implication of this minor improvement
seems uncertain [25].

In a recent Cochrane network meta-analysis,
combination ICS/LABA was the highest ranked
class for trough FEV,, with mean improvement
over placebo of 133.3 mL at 6 months (95% CI:
100.6-164.0) and slightly less at 12 months
(mean difference (MD), 100 mL; 95% CI: 55.5—
140.1). LAMAs (MD, 103.5 mL; 95% CI: 81.8—
124.9) and LABAs (MD, 994 mL; 95% CI:
72.0-127.8) showed roughly equivalent results at
6 months, and ICSs were the fourth ranked class
(MD, 65.4 mL; 95% CI:33.1-96.9) [53]. The net-
work has demonstrated the benefit of ICS when
added to LABAs in participants who largely had
an FEV, that was less than 50% predicted.

Recently, new ICS/LABA combinations have
developed, including fluticasone furoate/
vilanterol (FF/VI), mometasone furoate/for-
moterol fumarate (MF/FOR), and beclometha-
sone dipropionate/formoterol fumarate (BDP/
FOR) [54].

A 24-week investigation compared the effi-
cacy of different dosages of the once-daily FF
(50, 100 pg)/VI (25 pg) combination with
monocomponents (FF 100 pg, VI 25 pg) and
placebo in patients with moderate-to-severe
COPD. The combination of FF/VI significantly
improved weighted mean (wm) FEV, (173 mL)
and trough FEV, (115 mL) vs. placebo.
Although all treatment arms significantly
improved FEV, compared to placebo, there was
no significant difference between FF/VI dos-
ages and VI monotherapy [55]. Another
24-week trial of same design, but with double
the strengths of FF/VI doses (200/25,
100/25 pg), found the same results [56]. The
first trial comparing FF/VI (100/25 pg) once
daily vs. FP/SAL 500/50 pg twice daily over
12 weeks reported that improvements in lung
function were not different [57].
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There is relatively few data investigating BDP/
FF combination inhaler. In a 48-week RCT, BDP/
FOR, BUD/FOR, and formoterol alone improved
pre-dose morning FEV, by 0.077 (L), 0.080 (L),
and 0.026 (L), respectively, in 718 patients with
severe COPD (FEV, between 30 and 50% of pre-
dicted). BDP/FOR was shown to be non-inferior
to BUD/FOR (the lower limit of the 97.5% CI
was —0.052 (L), which is within the prespecified
non-inferiority margin of —0.100 (L)) and statis-
tically significantly better than formoterol alone
(P =0.046) [58].

MF/FOR combination also showed signifi-
cantly greater increases in trough FEV,. The
increase was fourfold greater with MF/FOR
(400/10 pg) than with FOR (10 pg) at 13-week
endpoint (P < 0.05) [59]. In the 26-week treat-
ment period, significantly greater increases in
mean changes in FEV, area under the curve from
0 to 12 h post-dose (FEV, AUC,_j, ) occurred

1.80
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1.75

1.70

1.65

1.60

FEV1AUCq.12n(L)
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Day 1

Fig. 16.6 FEV, AUC,_,, in the ILLUMINATE study.
Data are least squares mean (SE) (from Vogelmeier et al.
[60], reproduced with kind permission) FEV, forced expi-
ratory volume in 1 s, AUC, ;y area under the plasma

with MF/FOR (400/10 pg) vs. MF 400 pg and
placebo at the weeks 13 and 26 endpoints
(P =0.032).

Comparison of lung function between ICS/
LABA combinations with fixed-dose LAMA/
LABA combinations was reported. In the
ILLUMINATE study in symptomatic GOLD
grade II and III patients without moderate-to-
severe exacerbation in the previous year, glyco-
pyrronium/indacaterol  50/110 pg (QVA149;
Ultibro Breezhaler) provided significant improve-
ments in lung function vs. b.i.d. SFC 500/50 pg
[60]. At week 26, FEV, AUC,, was signifi-
cantly higher with QVA149 than with SFC (treat-
ment difference, 0.138 L; 95% CI: 0.100-0.176;
P <0.001) (Fig. 16.6).

In the 6-month LANTERN study, comparing
QVA149 with SFC 500/50 pg b.i.d. in patients
with moderate-to-severe COPD with a history of
<1 exacerbation in the previous year, QVA149

[ QVA149
O sFc
0.138*

—

0.123*

Week 12

Week 26
(primary endpoint)

concentration-time curve from 0 to 12 h, SFC salmeterol/
fluticasone. *p < 0.0001 for comparisons between
QVA149 and SFC
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demonstrated statistically significant superiority
to SFC for trough FEV, (treatment difference
[A] =75 mL; P < 0.001) [61]. Similar finding
was reported in a 12-week study comparing ume-
clidinium/vilanterol with SFC [62].

Effect of ICS/LABA Combination

on Exacerbation

Although no statistically significant differences
between treatment groups (SFC 1000/100 pg,
SAL 50 pg, FP 1000 pg, placebo) in time to exac-
erbation were found in the study by Mahler et al.
[47] and Hannania et al. [63], combination treat-
ment of [CS/LABA (SFC) reduced the frequency
of exacerbation and exacerbation requiring ste-
roid treatment compared to placebo in the
TRISTAN study. However, there was no statisti-
cal difference in exacerbation rate between SFC
and salmeterol [48].

In the TORCH study, a 25% reduction in the
annual rate of exacerbations was noted in the
SFC (0.85/year; 95% CI: 0.80-0.90) compared to
placebo group (1.13/year; 95% CI: 1.07-1.20),
with a number needed to treat (NNT) of four to
prevent one exacerbation. Compared with salme-
terol alone, the addition of fluticasone signifi-
cantly reduced the rate of moderate exacerbations,
but it did not have any significant beneficial effect
on severe exacerbation requiring hospitalization
(RR, 1.02; 95% CI: 0.87-1.20, P = 0.79) [24, 64]
(Fig. 16.7).
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Moderate
(requiring systemic
corticosteroids)

Furthermore, in post hoc analysis of the
TORCH study, early therapy with SFC in moder-
ate grade of COPD demonstrated a better result
with respect to the decrease in exacerbation rate:
31% (95% CI: 19-40) in GOLD 11, 26% (95%
CI: 17-34) in GOLD III, and 14% (95% CI:
-4-29) in GOLD 1V [18]. SFC reduced the annual
rate of exacerbation as much as 31% (SFC 0.57/
year vs. placebo 0.82/year) in GOLD II, 26% in
GOLD II1, and 14% in GOLD 1V [18].

Besides fluticasone-containing combination
trials, BUD/FOR has been shown to be effective
in reduction of exacerbation. Two early studies
evaluating the efficacy of combination treatment
with BUD/FOR in patients with moderate and
severe COPD were published in 2003. Szafranski
and colleagues found that BUD/FOR exhibited
significantly lower severe exacerbation by as
much as 24% vs. placebo and 23% vs. formoterol
[65]. Calverley et al. also showed that BUD/FOR
was associated with reduced rate of exacerba-
tions and prolonged the time to first exacerbation
requiring medical intervention compared to pla-
cebo [49].

Despite the limitation of observational real-
life COPD cohort studies, two large database
studies suggested that differences in efficacy
might exist between the ICS/LABA in favor of
BUD/FOR. In a Canadian database study, the
odds ratios (OR) for course of oral steroid (OR,
0.85; 95% CI: 0.72—-1.0), emergency department

O Placebo

O Salmeterol

| Fluticasone

M Salmeterol/fluticasone

Severe
(requiring
hospitalization)
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visit (OR, 0.75; 95% CI: 0.58-0.97, P < 0.05),
hospital admission (OR, 0.61, 95% CI: 0.47-
0.81, P < 0.05), and addition of tiotropium (OR,
0.71;95% CI: 0.57-0.89) were all in favor of the
BUD/FOR combination [66].

The result of the Canadian study has been
confirmed by a large Swedish database observa-
tional PATHOS study [67]. Pairwise propensity
score matching of 9893 COPD patients (7155
BUD/FOR and 2738 SFC) yielded two cohorts of
2734 patients. Compared with SFC, BUD/FOR
was associated with a reduced risk of annual
exacerbation by 26.6% (0.80 vs. 1.09,
P < 0.0001), with a reduced hospitalization due
to COPD by 29% (0.1 vs. 0.21, P < 0.0001)
(Table 16.2).

Adding BUD/FOR to LAMA decreased
morning symptom and exacerbation over the
3 months of the CLIMB trial [68], but further
studies evaluating the benefits of ICS in addition
to dual bronchodilator are warranted.

Comparative efficacy between ICS/LABA
and LAMA in terms of reducing COPD exacer-
bations was investigated. In the INSPIRE study,
1323 patients were randomized to receive either
SFC or tiotropium (TIO) for 2 years, but SFC
arm failed to show superiority over TIO treat-
ment, as the annual exacerbation rate was 1.28 in
the SFC group and 1.32 in the TIO group (RR,
0.97; 95% CI: 0.84-1.12; P = 0.66) [69]. On the
other hand, the nature of the exacerbations dif-
fered between the two groups in that a signifi-
cantly higher rate of exacerbations treated with
antibiotics was observed in the SFC than the TIO
group (0.97 vs. 0.82; RR, 1.19; 95% CI: 1.02-

1.38; P = 0.028), whereas SFC was better for
exacerbation requiring systemic steroids (0.69
vs. 0.85; RR, 0.81; 95% CI: 0.67-0.99;
P = 0.039). The plausible explanation for the
higher exacerbations requiring antibiotics in the
SFC group might be related to fluticasone-
induced impairment of local immune resistance
to lower respiratory infection. In addition, an
increased exacerbation requiring steroids in the
TIO group could have reflected the diminished
beneficial effect of ICS among the ~50% of the
TIO subjects who had previously received ICS
prior to the trial [70].

In the POET-COPD study, once-daily TIO
treatment was significantly associated with fewer
exacerbations compared with twice-daily LABA,
irrespective of the use of ICS [71]. It is not clear
whether this reflects specific benefit of
anti-inflammatory effect from blocking anti-
muscarinic receptors.

Exacerbation results using newly developed
ICS/LABA combinations have also been
reported. Pooled data from two replicate 1-year
trials of the once-daily new ICS/LABA formula-
tion demonstrated that FF/VI (100/25 pg) signifi-
cantly decreased the annual rate of
moderate-to-severe exacerbations by 27% com-
pared to vilanterol alone (Fig. 16.8) [72].

However, there were no differences in
severe exacerbation rates between vilanterol
alone and the various doses of the combination
therapy. With regard to exacerbation, these
studies suggest that addition of ICS to a 24-h
LABA could further reduce exacerbation.
Moreover, reduction of exacerbation was seen

Table 16.2 Yearly occurrence of exacerbation in propensity score-matched populations of COPD patients treated with

budesonide/formoterol vs. fluticasone/salmeterol

Fluticasone/salmeterol | Budesonide/formoterol

(n=2734) (n=2734) Treatment contrast
Variable events, per patient-year | Mean (95% CI) Mean (95% CI) Rate ratio (95% CI) | P-value
All exacerbations 1.09 (1.05-1.14) 0.80 (0.77-0.84) 0.74 (0.69-0.79) <0.0001
COPD hospitalizations 0.21 (0.20-0.23) 0.15 (0.142-0.163) 0.71 (0.65-0.78) <0.0001
COPD-related hospital stay, days | 0.95 (0.88-1.02) 0.63 (0.58-0.67) 0.66 (0.62-0.71) <0.0001
Emergency visits 0.034 (0.031-0.037) 1 0.027 (0.025-0.030) 0.79 (0.71-0.89) 0.0003
Oral steroid use 0.85 (0.81-0.90) 0.63 (0.60-0.67) 0.74 (0.68-0.81) <0.0001
Antibiotic use 0.54 (0.52-0.57) 0.38 (0.37-0.40) 0.70 (0.66-0.75) <0.0001

From Larsson et al. [66], reproduced with kind permission
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even when ICS did not improve FEV, suggest-
ing that the ICS effect may be mediated inde-
pendent of lung function change [73]. In a post
hoc analysis, patients with higher blood eosin-
ophil count (> 2%) gained greater benefit from
treatment with ICS (fluticasone furoate) to
reduce exacerbation frequency than did those
with a low eosinophil count [74], which pro-
vide evidence supporting the role of blood
eosinophil counts as a biomarker with the
potential to guide treatment decision in pre-
dicting potential benefit of ICS over broncho-
dilator in reducing exacerbations.

The other new ICS/LABA combination, BDP/
FOR in the extra-fine formulation, has been dem-
onstrated to be more effective, when compared
with formoterol alone, in decreasing the yearly
exacerbation rate (RR, 0.72; 95% CI: 0.62-0.84;
P < 0.001), and prolonged the time to first exac-
erbation in patients with severe COPD with a his-
tory of exacerbation in the 48-week FORWARD
(Foster 48-week trial to reduce exacerbation in
COPD) study [75]. In a post hoc analysis on the
FORWARD study, there was a pattern of increas-
ing exacerbation frequency with increasing blood
eosinophil count in patients treated with for-
moterol. There was a 46% reduction in adjusted
exacerbation rate caused by BDP/FOR that was
found in the highest eosinophil quartile (>
279.8 pl) [76].

[
o
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Yearly ratios of on-treatment moderate

In the LANTERN study, QVA149 showed a
significantly reduced rate of moderate or severe
exacerbation by 31% compared to SFC in patients
with moderate-to-severe COPD and a history of
up to one exacerbation in the previous year [61].
In the subgroup analysis, the annualized rate of
all exacerbation was significantly lower with
QVA149 vs. SFC (RR, 0.43; 95% CI: 0.25-0.76,
P =0.003). However, the annualized rate of mod-
erate or severe exacerbations was not statistically
different between QVA149 and SFC among
patients with an exacerbation history (RR, 0.60;
95% CI: 0.33-1.08, P = 0.086).

Phase III FLAME head-to-head trial examin-
ing the rate of exacerbation between QVA149
and SFC during 52 weeks of treatment in 3362
patients with moderate-to-severe COPD and a
history of exacerbations is also reported [77].
QVA149 was superior to SFC in reducing the
annual rate of all COPD exacerbations by 11%
(3.59 vs. 4.03; RR, 0.89; 95% CI: 0.83-0.96;
P =0.003) and moderate or severe exacerbations
by 17% (P < 0.001). In this study, the effect of
QVA149 in reducing the rate of COPD exacerba-
tion was independent of the baseline blood eosin-
ophil count. These findings provide evidence to
support the use of LAMA/LABA regimen over
the use of LABA plus ICS in preventing exacer-
bations in patients at high risk for COPD exacer-
bation (Table 16.3).
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p=0.0004 p<0.0001
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Fig. 16.8 Yearly ratio of moderate and severe exacerba-
tions in the combined fluticasone furoate and vilanterol
groups to moderate and severe exacerbations in the
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vilanterol-only group in study 1 (A), study 2 (B), and
overall (C) (from Dransfield et al. [71], reproduced with
kind permission)



232

S.Y.Lim

Table 16.3 Effect of fixed-dose combination of ICS/LABA on the risk of COPD exacerbation (reproduced from
Miravitlles et al. 2016 [78])

Annual Comparator | Annual Reduction in | Exacerbation |Patient population
exacerbation exacerbation |exacerbation | endpoint Exacerbation
rate rate entry (No./

Treatment year) FEV,% predicted
SFC [24] 0.85 Placebo 1.13 25% Secondary NA <60% (pre-BD)
salmeterol 0.97 12% (moderate or

FP 0.93 9% severe)

SFC [48] 0.97 Placebo 1.30 25% Secondary >1 25-70%
(moderate) (pre-BD)

SFC [69] 1.28 Tiotropium | 1.32 NS Primary NA <50%
(moderate or (post-BD)
severe)

BUD/FOR [49] |1.38 Placebo 1.80 23.6% Primary (all) | >1 <50% (pre-BD)

Formoterol | 1.85 NS
Budesonide |1.60 NS
BUD/FOR [65] |1.42 Placebo 1.87 24% Primary >1 <50%
Formoterol |1.84 23% (severe)
Budesonide | 1.59 NS

FF/VI1[72] 0.81 Vilanterol 1.11 30% Primary >1 <70%

(pooled data) | (moderate or (post-BD)
severe)

BDP/FOR [75] |0.80 Formoterol |1.12 28% Primary >1 <50%
(moderate or
severe)

BDP/FOR [58] |0.41 Bud/Form 0.42 NS Primary >1 30-50%

Formoterol |0.43 (post-BD)

Effect of ICS/LABA Combination

on Quality of Life

TORCH trial reported an improvement of
3.0 units of the SGRQ in the SFC group,
1.8 units in the FP group, and 0.8 units in the
SAL group. On the contrary, placebo group
showed a deterioration of 0.2 units in the SGRQ
[24]. Therefore, SFC improved SGRQ score by
2.2 units compared to SAL alone and by
3.2 units over the placebo group, which was
below the MCID of 4 units. The greatest
improvement compared to placebo was observed
in those patients with more severe COPD—an
improvement by 5.9 units in GOLD 4, and
3.3 units in GOLD 3. However, in less severe
GOLD 2, the SGRQ improvement was less, but
still significant (2.3 units) [18]. Compared with
placebo, BUD/FOR also significantly improved
SGRQ total score (mean difference, 3.9;
P =0.009) in a 12-month study. The review of
the Cochrane Airways Group documented that

ICS/LABA combination improved the health-
related quality of life measured on the SGRQ
compared with placebo or ICS, but the mean
differences observed are relatively small in rela-
tion to the MCID [79, 80]. In addition, same
group reported that ICS/LABA was more effec-
tive than LABA alone in improving SGRQ score
(1.58 units lower with SFC; 2.69 units lower
with BUD/FOR) [81].

Several studies reported the comparison
results of health status between ICS/LABA com-
binations and fixed LAMA/LABA combinations.
In the ILLUMINATE study, SGRQ-C total scores
were not different between QVA149 and SFC
groups, with both groups showing an improve-
ment. Mean difference in SGRQ-C total score for
QVA149 vs. SFC at week 26 was —1.24 (p =0.25)
[60]. Since the study population recruited was
low-risk, non-exacerbating subjects, SGRQ-C
scores might not have been significantly differ-
ent. In the LANTERN study, recruiting patients
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with a history of <1 exacerbation, there was also
a similar improvement in the SGRQ total score
between patients receiving QVA149 and
SFC. However, the percentage of patients who
achieved MCID was numerically higher with
QVA149 vs. SEC [61].

The improvement in the SGRQ-C was greater
in the QVA149 group than in the SFC group in
the FLAME study [77]. The differences between
the QVA149 group and the SFC group ranged
from —1.2 points at week 12 to —1.8 points at
week 52 (P < 0.01 for both comparisons). The
percentage of patients who achieved MCID was
significantly higher in the QVA149 group than in
the SFC group (49.2% vs. 43.7%; odds ratio,
1.30; P <0.001). Above results suggest that fixed
LAMA/LABA combination therapy is similar or
better than ICS/LABA treatment with regard to
health-related quality of life in patients with
COPD.

Effect of ICS/LABA Combination

on Mortality

Although, the effect of ICS/LABA combination
therapy on mortality has been studied for long
times, but it is still a controversial issue.

The largest study specifically designed to
investigate the effect of ICS with or without
LABA on mortality over 3 years was TORCH
trial. Although minimally decreased mortality
was found with SFC compared to placebo (10.3

Treatment group

vs. 12.6%; HR 0.81; 95% CI: 0.67-0.98), SFC
failed to reach statistical significance (P = 0.052)
(Fig. 16.9) [24].

The addition of FP to SAL did not offer addi-
tional benefit over the LABA alone, but the HR
for the SFC compared with FP was significant
(p = 0.007), suggesting that the LABA might be
conferring a protective effect [24, 64]. Two stud-
ies supported this finding that most of the benefi-
cial effect of SFC on mortality is due to salmeterol
[82, 83]. In their analyses, the salmeterol compo-
nent was associated with a significant reduction
in mortality, with a rate ratio of 0.83 (95% CI:
0.74-0.95) and hazard ratio of 0.81 (95% CI:
0.70-0.94). The fluticasone component had no
effect on mortality (rate ratio and hazard ratio
both 1.00). Rodrigo et al. also showed that ICS/
LABA combination therapy did not decrease
mortality (all-cause, respiratory, and cardiovas-
cular) [52]. Another subsequent Cochrane meta-
analysis suggested that all-cause mortality can be
reduced with ICS/LABA combination therapy
compared to placebo (OR 0.79; 95% CI: 0.65—
0.98); however, it was not statistically different
between ICS/LABA and LABA alone (OR 0.89;
95% CI. 0.73-1.08), suggesting a beneficial
effect of LABA more than of ICS [84].

In a post hoc analysis of TORCH trial, treat-
ment with SFC may be associated with reduced
mortality compared with placebo in GOLD 2
patients (HR 0.67; 95% CI: 0.45-0.98; 11.4% of
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the patients died on placebo compared with 7.8%
on SFC) [18]. A review by Zervas et al. has sug-
gested that ICS/LABA combination might also
reduce cardiovascular disease and all-cause mor-
tality [25]. In addition, in a mixed treatment com-
parison meta-analysis that aimed to compare the
risk of overall and cardiovascular death for
inhaled medications in COPD patients, ICS/
LABA was associated with the lowest risk of
death among all treatments [85].

SUMMIIT (study to understand mortality and
morbidity in COPD) trial investigated whether
new ICS/LABA formulation FF/VI can prolong
survival in patients with COPD and history of, or
increased risk for, cardiovascular disease [86].
The study aimed to show a mortality reduction of
30% with the FF/VI; however, mortality was
12.2% lower in the FF/VI group than in the pla-
cebo group (HR, 0.88; 95% CI: 0.74-1.04), and it
did not reach statistical significance (P = 0.137)
[87]. Based on these results of the SUMMIT
study, although investigators claimed that a clini-
cally meaningful difference in mortality has not
been entirely excluded because the 95% CI for
the HR encompasses a 26% reduction in the risk
of dying, the uncertainty over the role of ICS in
treating COPD continues. So far, there is no clear
evidence that ICS delivered to the lungs has
proven benefit in reducing cardiovascular or all-
cause mortality.

In the INSPIRE study, SFC improved mortal-
ity compared to TIO (3% vs. 6% of patients dur-
ing the 2-year study), although this was not a
primary endpoint [69]. 2013 Cochrane Airway
Group review reported that it was unable to con-
clude whether ICS/LABA or LAMA treatment
had the lower mortality rate [88].

There is little available comparative information
on mortality between ICS/LABA combination ther-
apy and fixed LABA/LAMA combinations.

Triple-Inhaler Therapy (ICS + LABA +
LAMA)

NICE guidelines in the UK recommend triple
therapy in patients who remain breathless or
have exacerbations despite maintenance therapy

with LAMA or LABA + ICS irrespective of
their FEV, [37]. GOLD recommends the triple
therapy as first choice in group D patients [89].
Triple therapy might be useful in patients with
severe to very severe COPD, particularly in
those with high peripheral blood or sputum
eosinophil count and asthma—COPD overlap
syndrome (ACOS), or those who are frequent
exacerbators [90]. However, it is often pre-
scribed in real-life treatment of COPD, even in
mild-to-moderate patients who are not suffering
from severe COPD [91].

In patients with severe COPD in the Canadian
OPTIMAL study, in which the primary endpoint
was exacerbation requiring oral corticosteroids
or antibiotics, it was found that the addition of
SFC to tiotropium therapy compared to tiotro-
pium alone was associated with significant
improvements in lung function and disease-
specific quality of life and a reduction in all-cause
hospitalizations, but did not significantly influ-
ence the rates of COPD exacerbations [92].

In a 24-week randomized trial, 237 patients
taking tiotropium plus SFC (250/50 ug twice
daily) were compared to 242 taking tiotropium
alone. The group taking triple-inhaler therapy had
a significant improvement in pre-bronchodilator
FEV, (L) and the total SGRQ-C score compared to
the tiotropium-only group [93].

Although a recent meta-analysis has con-
firmed that the addition of SFC to subjects treated
with tiotropium significantly improves lung func-
tion HRQoL, and exacerbation without increas-
ing the risk of adverse events [94], the WISDOM
trial has documented similar moderate or severe
exacerbations between those who continued and
discontinued ICS therapy in patients with severe
COPD receiving tiotropium and salmeterol [95].
These findings show non-inferiority of dual-
bronchodilator therapy as compared with triple
therapy in reducing exacerbations in severe
COPD patients.

Few data are available for the efficacy of
single-inhaler triple therapy. New inhaled fixed
drug combinations of ICS/LABA/LAMA,
including fluticasone furoate/vilanterol/
umeclidinium  (FF/VI/UMEC), budesonide/
formoterol/glycopyrronium  (BUD/FOR/GB),
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and beclometasone/formoterol/glycopyrronium
(BDP/FOR/GB), are in Phase III of clinical
development for COPD [90].

The Trilogy study was the first large, long-
term study aimed to compare the efficacy and
safety of single-inhaler triple therapy comprising
BDP/FOR/GB to that of BDP/FOR in patients
with COPD who have severe or very severe air-
flow limitation, symptoms, and an exacerbation
history [96]. BDP/FOR/GB improved pre-dose
FEV, by 0.081 (L) (95% CI: 0.052-0.109;
P < 0.001) and 2-h post-dose FEV, by 0.117 (L)
(0.086-0.147; P < 0.001) compared with BDP/
FOR. This study also shows that a reduction of
moderate-to-severe exacerbation can be achieved
through triple therapy with the use of a single
inhaler (RR, 0.77; 95% CI: 0.65-0.92; P = 0.005),
corresponding to a 23% reduction in exacerba-
tions compared with BDP/FOR.

It is still unclear when we should step up to or
step down from triple therapy and whether there
are potential phenotypes that would be more
responsive to triple therapy. Future long-term
studies should assess the efficacy and safety of
triple ICS/LABA/LAMA therapy in selected
COPD phenotypes.

Adverse Effects of ICS in COPD

Local and Systemic Side Effects

The frequent use of ICS as monotherapy, espe-
cially at higher doses, or in combination with
long-acting bronchodilator has been accompa-
nied by local and systemic adverse effects.
Local side effects are most commonly seen in
ICS treatment, including dysphonia and hoarse-
ness, oropharyngeal candidiasis, perioral der-
matitis, and cough during inhalation [97]. The
incidence of these side effects ranges from 1 to
10%, and they occur in a minority of patients
without major sequelae [21]. Although they are
not usually serious, they may be more prone to
affect the adherence of ICS therapy [98].
Compared with local side effects, systemic
effects of ICS appear to be related with systemic
absorption of ICS into the circulation through
the pulmonary vasculature or GI tract [99].

Since a large proportion of COPD patients are
elderly, high dose of ICS is commonly pre-
scribed for prolonged period; thus they are more
vulnerable to the increased risk of systemic side
effects such as pneumonia [100].

Pneumonia

Increased risk of pneumonia associated with
FDC containing ICS, particularly fluticasone,
raised the major safety concerns in COPD [24,
101, 102]. TORCH was the first largest study that
identified an increased risk of pneumonia in
patients who were regularly treated with an ICS
[24]. A greater rate of pneumonia was identified
in the ICS and ICS/LABA treatment arms (84
and 88 per 1000 treatment-year, respectively)
compared with LABA and placebo (52 and 52
per 1000 treatment-year, respectively). The
Quebec health insurance database study includ-
ing 163,514 patients, of which 20,344 had a seri-
ous pneumonia event during the 5.4 years of
follow-up, showed that the risk of serious pneu-
monia was elevated with current use of ICS and
sustained with long-term use but declined and
disappeared after 6 months after discontinuation
of ICS [102]. The risk for severe pneumonia with
fluticasone was daily dose dependent and much
higher (RR, 2.01; 95% CI: 1.93-2.10) than that
with budesonide (RR, 1.17; 95% CI: 1.09-1.26).
The INSPIRE study also reported double the rate
of pneumonia with SFC (8%) than with tiotro-
pium (4%) [69].

This finding of intra-class difference with
regard to the risk of pneumonia between flutica-
sone- and budesonide-containing FDC of ICS/
LABA was also documented in the PATHOS
study [103]. Compared with BUD/FOR, rate of
pneumonia was higher in patients treated with
FP/SAL (RR 1.73;95% CI 1.57-1.90; P < 0.001).
The rate of admission to hospital was also signifi-
cantly higher in the FP/SAL group (RR, 1.74;
95% CI: 1.56-1.94; P < 0.001, respectively).
Moreover, mortality related to pneumonia was
higher in the FP/SAL group (97 deaths) than in
the BUD/FOR group (52 deaths) (HR, 1.76; 95%
CI: 1.22-2.53; P =0.003). A new once-daily ICS/
LABA combination inhaler containing fluticasone
furoate also found an excess of eight pneumonia
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deaths [72], seven received higher dose of ICS,
suggesting that fluticasone itself may be associ-
ated with higher risk of any pneumonia.

Several mechanisms that link between ICS
use and risk of developing pneumonia have been
proposed. Impaired macrophage function,
reduced bacterial adherence in the large airways,
alteration of the pulmonary microbiome, and
steroid-induced immune suppression may lead to
increase in the probability of lower respiratory
infection [64, 104].

These evidences suggest that it appears to be
appropriate to limit the use of ICS to the specific
subgroups of COPD patients who might benefit
from ICS treatment.

Effect of ICS Withdrawal

on Exacerbation and Pulmonary

Function

In the GLUCOLD 5-year follow-up study
(GL2) after 30-month treatment with flutica-
sone or fluticasone and salmeterol (GL1),
patients using ICS during GL1, but only using
ICS 0-50% of the time during GL2, had sig-
nificantly accelerated annual FEV, decline
compared with GL1 [105].

The WISDOM study was designed to investi-
gate the effect of ICS withdrawal on exacerbation
and pulmonary function [95]. 2485 patients were
randomized to continued triple therapy or with-
drawal of ICS in three steps over a 12-week
period. Although exacerbation was similar
among those who continued and discontinued
ICS therapy, withdrawal of ICS was associated
with mean reduction in trough FEV, over base-
line at 18 weeks (=38 mL, P < 0.001) and at
52 weeks (—43 mL, P = 0.001) compared with
ICS-continuation group.

In a post hoc analysis, moderate or severe
exacerbation rate was higher in the ICS-
withdrawal group vs. the ICS-continuation group
in patients with high blood eosinophil counts
[106]. 4% or greater or 300 cells per pL or more
was significantly associated with a deleterious
effect of ICS withdrawal.

Although these findings need to be confirmed
in a prospective study, withdrawal of ICS can
worsen lung function and should be conducted
with caution in patients with higher blood eosin-
ophil counts.

Phosphodiesterase-4 Inhibitor
Pharmacology

Roflumilast is a potent selective phosphodiester-
ase-4 (PDE4) inhibitor aimed to reduce the risk
of COPD exacerbation in patients with severe
COPD associated with chronic bronchitis and
history of exacerbations [107]. Roflumilast inhib-
its the hydrolysis of cyclic adenosine monophos-
phate (cAMP) in inflammatory cells, which
results in increased anti-inflammatory effects
such as suppression of inflammatory mediators
and cytokines (Fig. 16.10) [107-109].
Roflumilast is available in a once-daily oral
dosage form (500 pg tablets). The absolute bio-
availability of roflumilast following a 500 pg oral
dose is 79%. The median time to reach maximum
plasma concentrations of roflumilast (#,,) is 1 h,
and the plasma half-life ranges from 8 to 31 h.
Roflumilast is converted to roflumilast N-oxide
(the major active metabolite of roflumilast),
which is estimated to have about 90% of the total
PDE4 inhibitory activity of roflumilast [110].

Clinical Efficacy of PDE4 Inhibitor
in COPD

Pooled analysis of M2—111 and M2-112 studies
of roflumilast showed significant reduction
(14.3%) in moderate-to-severe exacerbation
compared with placebo [111]. It showed that fea-
tures associated with greater response to roflumi-
last were presence of chronic bronchitis with or
without emphysema, elevated cough or sputum
scores at baseline (>1 average score per day), and
concurrent use of ICS [111]. Subsequent M2-124
and M2-125 studies included patients with severe
airflow limitation, chronic bronchitis symptoms,
and a history of exacerbations. In these studies,
roflumilast significantly reduced moderate or
severe exacerbation (15% in M2—124 and 18% in
M2-125) [112]. Concomitant administration of
roflumilast and LABA reduced 20.7% of
moderate-to-severe exacerbation compared with
14.6% reduction in patients taking roflumilast
alone [113]. Treatment with roflumilast shifts
patients from the frequent to the more stable
infrequent exacerbator state. Pooled data from
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Fig. 16.10 Phosphodiesterase-4 inhibitors increase levels of cAMP through inhibition of its metabolism (from Klaus

F. Rabe [109], reproduced with kind permission)

two M2-124 and M2-125 studies, among fre-
quent exacerbators treated with roflumilast, show
that 32.0% still had frequent exacerbations at
year 1 compared with 40.8% of placebo-treated
patients (risk ratio, 0.799; P = 0.0148) [114].
The REACT study, a Phase III/IV random-
ized, double-blind, multicenter study, aimed to
investigate whether roflumilast further reduces
exacerbations when added to ICS/LABA combi-
nation in patients with frequent exacerbations
[115]. The rate of moderate-to-severe COPD
exacerbations was 13.2% lower in the roflumilast
group than in the placebo group in the Poisson
regression analysis (RR, 0.868; 95% CI: 0.753—
1.002; P = 0.0529) and was 14.2% lower in the
negative binomial regression analysis (RR, 0.858;
95% CI: 0.740-0.995; P = 0.0424). Given this
evidence, roflumilast, as part of a combination
regimen with long-acting bronchodilators,
appears to be a reasonable treatment option for

patients with severe to very severe COPD associ-
ated with chronic bronchitis and a history of
exacerbations [116].

Adverse Effects

In all clinical trials to date, roflumilast was gener-
ally considered safe and well tolerated. However,
combining the data of roflumilast revealed that
gastrointestinal adverse events, such as nausea,
diarrhea, and weight loss, were the most common
side effects [117]. The frequency and severity of
gastrointestinal adverse events appeared to be dose
dependent and up to 15% of the subjects are known
to be intolerable to roflumilast treatment. Tentative
ways to prevent initial adverse events include pro-
gressive increase of initial dosing, administration
on alternate days, and symptomatic treatment par-
ticularly of diarrhea or headache [110].
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Non-pharmacologic Management

Lung Volume Reduction in Severe
Emphysema

Chronic obstructive pulmonary disease (COPD)
is characterized by chronic airflow limitation that
is caused by a mixture of small-airway disease
and parenchymal destruction [1]. Lung paren-
chyma destruction, also known as emphysema,
results in decreased elastic recoil, progressive
hyperinflation, and air trapping, which in turn
lead to dyspnea and decreased lung function.
Currently, bronchodilators are the mainstay of
COPD pharmacologic treatment. Although they
can improve dyspnea and lung function, the
degree of improvement has some limitation.
Furthermore, bronchodilators are also less effec-
tive in emphysema-dominant phenotype [2].

Due to this limitation, a large number of
patients with advanced emphysema have respira-
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tory symptom and deteriorate despite appropriate
medication. For the management of these
patients, more invasive approaches including
lung transplantation or lung volume reduction
surgery (LVRS) can be suggested. Bronchoscopic
lung volume reduction (BLVR) has been intro-
duced lately and offered a new dimension to
treatment modalities in COPD.

Lung volume reduction (LVR) has definite
evidence in COPD. However, it can be applied in
limited number of emphysema-dominant pheno-
type; it has no role in treatment of non-
emphysematous COPD and no studies or trials
have been done in this group. Therefore, it is
important in personalized medicine in COPD to
understand who the best candidate of this treat-
ment is. BLVR has also various modalities to be
applied and physician should decide the best
option according to the clinical and radiographic
characteristics. In this chapter, we will discuss
current evidences and limitation of these treat-
ments and its application in real practice.

Lung Volume Reduction Surgery

Historical Background

Excision and decompression of space occupying
avascular bullae had been reported to relieve dys-
pnea and exercise tolerance significantly in
patients with COPD. This surgery has been
accepted and indicated when relatively normal
underlying lung compressed by the bullae is
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identified. This treatment became the basis for
the current LVR.In 1950s, Dr. Otto C. Brantigan
introduced different concept of pulmonary resec-
tion in patients with diffuse emphysema. He
hypothesized that excision of the most destroyed
portions of the lung could reduce airflow limita-
tion by improvement of elastic recoil and
mechanic of respiration [3, 4]. Significant clini-
cal improvement was notified in 75% of patients,
and this improvement continued for more than
5 years in some patients. However, high mortality
rate (16% early mortality) and morbidity limit
the wide acceptance of this procedure.Dr. Joel
D. Cooper reintroduced this procedure with
improved results in 1990s [5]. The lung function
and hyperinflation showed marked improvement;
FEV, increased by 51% and RV decreased by
28%. The improvements in measured pulmonary
function were paralleled by a significant reduc-
tion in dyspnea and an improvement in the qual-
ity of life. Reevaluation at 1 and 2 years after
operation showed the benefit to be well main-
tained. Furthermore, the mortality was reduced
markedly to 4%. This report became an impor-
tant suggestion for LVRS as the palliative treat-
ment for severe emphysema and followed by
several small group studies for LVRS. However,
the effectiveness and safety were not certain and
had not been determined by randomized trials.
Therefore, the pivotal study, National Emphysema
Treatment Trial (NETT) was designed and per-
formed [6].

Clinical Evidences

NETT was the first multicenter trial including
1218 patients. The study design was open-label
randomized comparing LVRS and medical ther-
apy and aimed two main objectives: (1) to deter-
mine effectiveness and safety of LVRS in the
treatment of emphysema, (2) to identify the char-
acteristics which make difference in harm and
risk by LVRS. The main contribution of this
study in this field is to clarify the main population
who get benefit from this procedure.

1. Effectiveness
Changes in exercise capacity, distance walked
in 6 min, percentage of the predicted value for

FEV,, quality of life, and degree of dyspnea at
6, 12, and 24 months all favored the surgery
group.
2. Mortality
In whole study period (29 months), total mor-
tality was the same between LVRS and medi-
cal group. In the first 3 months, mortality was
higher in surgery group (7.9% vs. 1.3%,
P < 0.001). However, among patients with
predominantly upper-lobe emphysema and
lower exercise capacity, mortality was lower
in patients with LVRS than those with medical
therapy (18.7% vs. 33.8%, P = 0.005).
Meanwhile, LVRS showed significant higher
mortality in patients with predominantly non-
upper lobe emphysema and high exercise
capacity. In other group, LVRS did not make
significant in overall mortality compared with
medical therapy.
3. Complication

After LVRS, 90% of patients developed an air
leak with a median duration of 7 days, and
3.3% of total patients undertook reoperation
for this problem. Sixty percent developed one
or more postoperative problems including
pneumonia (18.2%), reintubation (21.8%),
arrhythmia (18.6%), tracheostomy (8.2%), and
failure to wean (8.0%). Hospitalization of
more than 30 days after LVRS reached to 28%.

This study showed that survival and clinical
benefit of LVRS over medical therapy in selected
population. However, relatively high mortality
(7.9%) within 3 months and high complication
rates became the main handicap for wide perfor-
mance of LVRS in real practice. Unfortunately,
there is no additional pivotal study which could
develop LVRS after NETT, and the LVR tech-
nique had shifted to noninvasive bronchoscopy-
assisted method. Currently, LVRS was performed
in only limited cases.

Summary and Application

in Personalized Medicine

The only individual baseline factors associated
with differences in mortality favoring LVRS were
upper lobe predominant emphysema and low
baseline exercise capacity. The only individual
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baseline factor associated with differential
improvement in the maximal workload at
24 months was the upper lobe predominant
emphysema.Considering these factors and high
complication rates, LVRS can be justified in lim-
ited cases when:

* Emphysema is upper-lobe predominant

e BLVR was not indicated due to incomplete
fissure or unavailability

e Severe respiratory symptom despite all medi-
cal therapy available

Bronchoscopic Lung Volume
Reduction (BLVR)

1. Why BLVR?
LVRS can reduce hyperinflation and expand
healthier lung by surgical removal of emphy-
sematous portion. It can improve lung func-
tion and exercise capacity and even can
improve long-term survival in selected
emphysema. For these benefits, it is estab-
lished as the palliative therapy for selective
patients with emphysema. However, it is also
associated with relevant postoperational mor-
bidity and mortality, which cannot be negligi-
ble in real practice. It is not easy for patients to
accept surgery with >50% of postoperative
complication and 8% mortality within 3
months after surgery [6] although the compli-
cations seem to reduce nowadays.
2. Evidences and Techniques

BLVR techniques include endobronchial
valves (EBV), bronchoscopic thermal vapor
ablation (BTVA), lung volume reduction coils
(LVRC), and polymeric lung volume reduc-
tion. At this moment, EBV has the most effica-
cious and the largest amount of evidence.
Basic principle is to reduce lung volume of the
most diseased lobe and increase airway caliber
in relatively healthier lung. Unfortunately, this
treatment cannot be applied to emphysema
with interlobar flow or without heterogeneity.
To overcome this limitation, other treatment
options are being developed, but they are still
only available under clinical trials.

Endobronchial Valve (EBV)

Endobronchial valves are the check valve devices
to allow airflow in only one way. After deployed,
they allow air and secretion to come out, but
block air reentry. Accordingly, the emphysema-
tous lobe reduces in its volume and become
excluded for ventilation. The Zephyr® EBVs is a
polymer duck-bill valve mounted inside a stain-
less steel cylinder attached to a nitinol self-
expanding retainer. It can be inserted with
guidance of bronchoscopy and two sizes (4.0 for
bronchus with 4-7 mm lumen diameter and 5.5
for 5.5-8.5) are available (Fig. 17.1).

After several studies with small population, a
large randomized multicenter, Endobronchial
Valve for Emphysema Palliation (VENT) trial
made the important progress. This study showed
BLVR with EBV had significant clinical effi-
cacy in lung function and exercise capacity
without a significant increase of complication.
Functional improvements were relatively small
in this study; 4.3% in FEV1 and 2.5% in 6-min
walking distance (6MWD). Meanwhile, this
study found parameters for response including
complete fissure (lobar exclusion of target lobe)
and heterogeneity of emphysema [7]. Following
studies confirmed the importance of complete
fissure and collateral ventilation. Patients with
complete fissure on CT can have greater
improvement (26% in FEV1 and 22% in
6MWD) and those with incomplete fissure can
have only small or insignificant improvements
[8]. Chartis™ is developed to measure collateral
ventilation through incomplete fissure, and it
showed role in the prediction of target lobe vol-
ume reduction (TLVR) [9]. Successful BLVR
may have survival benefit, supported by indirect
evidences [10-12] (Fig. 17.2).

Biological Bronchoscopic Lung
Volume Reduction (Bio-BLVR)

Sealant is the most promising among bio-LVR
material until now. The principle involves
instillation of biologically active agents (chon-
droitin sulfate, polylysine-fibrin glue, and
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Fig. 17.1 Devices for EBV. (a) Zephyr® EBV (b) EBV  Chartis™ catheter. (d) Chartis™ is blocking the target
inserted in bronchus. The mouth of EBV opens in expira- lobe bronchus about collateral ventilation. (e) The
tion, whereas it closes in inspiration. (¢) The tip of Chartis™ system

Fig. 17.2 Complete and incomplete fissure. Right major  not be achieved after EBV insertion (blue circle) because
fissure has some incomplete portion (red line); if target  airflow can enter into target lobe via incomplete portion.
lobe is right upper lobe, target lobe volume reduction may =~ Meanwhile, left major is almost complete (yellow line)
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thrombin solution), which contracts diseased
emphysematous lung by formation of orga-
nized scar. Recent randomized trials showed
significant improvement in FEV, (52.4 mL
from baseline at 6 months) and exercise capac-
ity (52.4 m from baseline at 6 months). Despite
this effect, relatively large number of compli-
cation (15/61 cases of pneumonia, 12/61 cases
of COPD exacerbation) associated with inflam-
mation were reported, and these risks limit its
current utility [13].

Bronchoscopic injection of autologous blood
and fibrinogen into an emphysematous bulla has
also effected volume reduction, but has not been
evaluated except small pilot studies. However,
they are promising because of no significant
effect reported until now.

Lung Volume Reduction Coil (LVRC)

This is a self-activating metal nickel titanium
(nitinol) coil delivered by bronchoscopy and
underfluoroscopic guidance. It is designed to
spring back to recover its predetermined coiled
shape when released into the airway, compress-
ing diseased tissue and increasing regional elastic
tension. The device system consists of two com-
ponents: the coil and the delivery system. Shape-
memory nitinol wires are inserted to most
diseased lung and 10-12 coils per upper lobe and
11-14 coils per lower lobe are usually inserted to
optimize effect. Bilateral treatment, approxi-
mately 4-6 weeks apart, is recommended. The
proposed mechanism is increase of airway cali-
ber of healthier lung by compressing more dis-
eased lung. However, the exact mechanisms are
still need to be investigated.

To date, only several cohort or retrospective
analyses are available, and there are no published
trials compared with control or other LVR tech-
niques. In the review of six trials, it showed FEV,
improvement of 13.8-19.9% or 0.09-0.10 L at
3 months with acceptable safety. This improve-
ment decreased over time, but maintained over
1 year in three trials [14]. This procedure showed
some potential, especially for patients with
incomplete fissure (Fig. 17.3).

Bronchoscopic Thermal Vapor
Ablation (BTVA)

A specified quantity of steam is generated via a
steam generator and delivered into diseased lung
via bronchoscopy to reduce lung volume by con-
traction. Recent multicenter single arm study
showed significant improvements in FEV,
(141 mL, 17%), St. George’s Respiratory
Questionnaire (SGRQ, —11.0), 6MWD (18.5 m),
residual volume (—302.8 mL), and modified
Medical Research Council dyspnea scale score
(mMRC, —0.83) at 6 months. These improve-
ments diminished at 12 months and were greater
in GOLD stage IV and higher heterogeneity.
Further research compared to medical treatment
is necessary for clinical validity.

Others

Other techniques including intrabronchial valve
(IBV) and airway fenestration had been tried.
However, these techniques are not practical until
now, due to lack of efficacy.

Suggested Indication and Pre-

procedural Evaluation

Considering recent clinical trials, the indication
and contraindication of BLVR can be considered
like below:

Indication

1. Hyperinflation: RV > 180%, TLC > 100%

2. Low lung function: FEV1 15-45%

3. Complete fissure of target lobe can be applied
to endobronchial valve and intrabronchial
valve

4. Exercise capacity (optional): 6-min walking
150400 m

Contraindication

DLCO <20%

Giant bulla at lobe other than target lobe
Previous thoracotomy

Excessive sputum

Severe pulmonary hypertension
Unstable cardiac condition

Current smoker

Nk wn =
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Fig. 17.3 Lung volume reduction coil (LVRC). Lung
volume reduction coil (coil) (upper left). The image of a
lung volume reduction coil. Image used with permission,
PneumRx, Inc. a BTG International group company.

Every indication and contraindication has its
meanings. The main benefit of this procedure
comes from reducing hyperinflation, measured
by RV or RV/TLC. The greater hyperinflation is,
the greater possibility of clinical benefit can be
anticipated. It should be noted that this procedure
cannot be applied if hyperinflation is not evident
on pulmonary function, even when emphysema
is definitely present radiographically. This proce-
dure can also be applied to patients with large
bullae and persistent air leak.

Physician also should bear in mind contraindi-
cation to select appropriate candidates and avoid
complication. The BLVR improve lung function
by the change lung structure not by its regenera-
tion. Therefore, we could not anticipate clinical
benefit in patients whose lung reserve is too low
(DLCO < 20%). Giant bulla of ipsilateral side to
target lobe is prone to pneumothorax, sometimes

(Lower left) The LVRCs are inserted via fluoroscopic
guidance. (Right) Chest X-ray of post-procedure. Image
courtesy of Dr. Dirk-Jan Slebos with permission

lethal because of tension. It should be avoided as
the target lobe if giant bulla (usually >3 cm or a
third of lung volume) is noted at adjacent ipsilat-
eral lobes. However, giant bulla is not a problem
if it is located in target lobe. Excessive sputum
also can decrease the function of valves by block-
ing and be the source of infection.

Pulmonary Function Test

Not only FEV, or FVC, but also RV, RV/TLC,
and DLCO are also important predictors for clin-
ical response. Therefore, full examination about
pulmonary function is crucial to decide appropri-
ate candidates.

Radiographic Intervention

Radiographic imaging plays an important role in
BLVR. Before procedure, several factors can pre-
dict successful results. Heterogeneity of
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emphysema and fissure completeness is the key
factor for clinical response, and quantitative
image can help analysis. Large bullae in ipsilat-
eral side of target lobe is the predictor of major
complication, intractable pneumothorax; there-
fore, the patients with this feature should be
avoided for procedure. After procedure, radio-
graphic evaluation is still important. The achieve-
ment of target lung volume reduction is the most
important predictor for clinical improvement
including survival. Chest X-ray should be fol-
lowed for at least 2—5 days for detection pneumo-
thorax. However, the criteria have not been
determined clearly. The most commonly used
criteria are:

e Complete fissure: 90% in two planes
e Target lobe reduction: 350 mL or 50% of the
initial target lobe

Exercise Tests

Exercise capacity is the major outcome which
BLVR can improve. The patients with good exer-
cise capacity is not a contraindication, but clini-
cal improvement can be limited if the exercise
capacity is almost similar to normal level. In con-
trast, very low level of exercise capacity can be
the indicator of poor general condition. These
patients can be critical when complication devel-
ops. The criteria to indicate BLVR is hard to be
determined by currently available evidences, but
150-450 m in 6-min walking distance may be
acceptable criteria for this.

An Example of Good Candidate

A 66-year-old male with smoking history of
80-pack-year history had dyspnea of modified
medical research council (mMRC) grade 4. He
undertook BLVR with endobronchial valve and
experienced marked improvement in lung func-
tion, quality of life, and exercise capacity 6
months after procedure as given below:

e FEV:0.67L — 1.22 L (182%)

e FVC:237L - 296L (125%)

e Six minutes walking distance: 100 m — 230 m
(230%)

* mMRC: grade 4 — grade 2

e Residual volume: 194% of predicted value —
111% of predicted value

The success for this patient can be explained
by several factors (Fig. 17.4).

(a) Severe hyperinflation

(b) Heterogeneity of emphysema: definite target
lobe with low function compared with
volume

(c) Complete fissure on CT and no collateral
ventilation on Chartis Console™

(d) Target lobe reduction achieved
procedure

after

Management of Major Complication
Major Complication

* Pneumothorax: most common

e Pneumonia

* Acute exacerbation

* Hemoptysis

* Empyema

e Death

Pneumothorax is the most common compli-
cation, and the management is important for pro-
cedural success. Pneumothorax happens during
the inflation of ipsilateral lobes other than target
one during reduction of the target lobe.
Therefore, pneumothorax is suggested as an
indicator for good clinical response. To reduce
pneumothorax, the patients with large bullae at
adjacent lobe of target should be avoided. When
pneumothorax happens, the general guideline of
pneumothorax management can be applied
including O, inhalation or thoracostomy accord-
ing to its size. However, the removal of BLVR
device is considered if it is not resolved after
treatment of several days and the device is
removable (EBV or IBV). Several weeks after
pneumothorax resolves, reinsertion can be con-
sidered carefully (Fig. 17.5).

Pneumonia and acute exacerbation can be
managed like usual patients with COPD. If
pneumonia of target lobe is not resolved with
appropriate therapy of antibiotics, the removal of
device should be considered in the case of BLVR
with EBV or IBV.
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Fig.17.4 An example
of patients with a good
clinical response. Right
upper lobe (RUL) is the
main target lobe and
severe hyperinflation,
heterogeneity of
emphysema, complete
fissure around RUL, and
target lobe reduction
were notified

Definite target lobe w
severe hyperinflation

Mortality was reported in 0-2.3%. Tension
pneumothorax and migration of device can be its
causes.

Summary and Application

in Personalized Medicine

Severe emphysema with hyperinflation (large
RV or RV/TLC) and preserved lung diffusion

Severe Hyp;rl ation
Flattening of diaphragm noted

capacity (DLCO or DLCO/VA > 20%) can be
the main candidates. EBVs are the most widely
used and have shown promising results.
However, these techniques can be applied only
patients with definite target lobe with complete
fissure. Several techniques including LVRC,
BTVA, and bio-BLVR showed some possibility
to overcome this limitation, but further research
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Fig. 17.5 The mechanism of pneumothorax after proce-
dure. Pneumothorax is usually developed during inflation
of adjacent ipsilateral lobe. In this patient, right upper
lobe is the target lobe (RUL). If EBV was inserted at RUL,
the volume of RUL start to decrease and those of right

is still necessary for practice. The application of
BLVR should be personalized, and multiple
techniques can be necessary sometimes in one

1 -
]

Spir
Tilt

middle lobe and right lower lobe (RLL) start to increase.
If there are bullae on RLL, it is prone to pneumothorax.
Meanwhile, the bullae of RUL do not give a problem

patient. Considering the potential risks, BLVR
should be considered when the clinical benefit is
evident.
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Emphysema with hyperinflation
FEV, 15~45%
RV >180%
DLco >20%

{

CT: Target lobe with complete fissure

Heterogeneity of Emphysema

Yes

No

Consider EBV
(with Chartis™ Evaluation)

Consider to enroll clinical trials of other techniques:

Medical Therapy and Pulmonary Rehab only
or

LVRC, BTVA, bio-BLVR

Pulmonary Rehabilitation

COPD is a treatable, but also incurable disease.
Pharmacotherapy based on bronchodilators has
marked progression recently, and it can improve
lung function significantly. However, it is also
limited by extent of improvement; even the most
effective bronchodilator can increase FEV, by
less than 200 mL. Patients with advanced COPD
can have forced expiratory volume in one second
(FEV)) decline by more than 2 L sometimes, and
they have severe respiratory symptom and diffi-
culty in their daily life despite maximal pharma-
cotherapy. Considering this limitation of current
treatment, we should recommend safe non-
pharmacologic treatment, pulmonary rehabilita-
tion in patients with COPD (Fig. 17.6).

Introduction: Multidisciplinary
Approach

Pulmonary rehabilitation is multidisciplinary
treatment program for chronic respiratory dis-
ease; it includes various aspects such as exercise,
education, behavioral, and nutrition. All these
factors are closely related, and if one problem
starts to improve, other factors can follow to
improve. This can finish vicious cycle of debilita-
tion. The main purpose of pulmonary rehab is to
relieve symptom, improve quality of life and
exercise capacity, and expand physical and emo-

!

Dyspnea

Vicious Cycle

Muscle mass | Exercise |

Fig. 17.6 Vicious cycle of COPD. Lung function is
important in COPD, but it cannot explain all aspects of
COPD. Decrease of muscle mass and inactivity are also
the cause of debilitation and aggravation of COPD

tional activity in daily life. In the long term, it
aims to maintain good health status (Fig. 17.7).

Indication: Who Will
Be the Candidates?

Every patient with COPD who have respiratory
symptom and difficulty in daily life should be
considered as candidates. COPD patients with
mMRC grade I or GOLD stage I (FEV1 > 80%)
had some evidence, [15, 16] but the most evi-
dence is not enough. Therefore, most guidelines
recommend pulmonary rehab for COPD of mod-
erate patients with mMRC grade 2 or more [17,
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Fig. 17.7 Pulmonary
rehab is mutidisciplinary
and team-based
approach

Education:
Disease and
Medication

Action Plan for
Exacerbation

Education:
Self-
Management

Management Pulmonary Rehab:

of Comorbidity

Multi-disciplinary
Approach

Exercise and
Physical
Therapy

Psychiatric
Evaluation and
Intervention

18]. Although the evidence for respiratory dis-
eases other than COPD is not enough, personal-
ized pulmonary rehab should be considered if reported definite dyspnea improvement after
patients have symptom and functional disability. 4 weeks or more pulmonary rehabilitation
The selection of patients should be decided by [20].

pulmonary rehab team in each hospital. 2. Exercise Capacity

Meta-analysis including 13 studies indicated
that maximal exercise capacity of bicycle
ergometer improved by 8.43 W (95% CI 3.4—
13.4). Six minutes walking distance also
increased significantly by 48 m [21]. In this
analysis, the longer (>6 months) and the more
frequent (28 times or more) pulmonary rehab

showed improvement more than its MCID
level of —4 [19]. COPD working group also

Evidences

Definite effect of pulmonary rehab (evidence A)
on improvement of:

Dyspea had increased the effect. Griffith et al. reported
Exercise capacity that pulmonary rehab incremental shuttle
Quality of life walk test (ISWT) by 75.9 m, which is more

Anxiety and depression

. Dyspnea

Pulmonary rehab can improve respiratory
symptom including dyspnea significantly. In
meta-analysis, chronic respiratory question-
naire (CRQ) improved by 1.06 (95% confi-
dence interval [CI] 0.85-1.26). This
improvement exceeds the minimal clinical
important difference (MCID) of CRQ which
is 0.5. Six studies evaluating SGRQ score also

than its MCID of 47.5 m [22].

. Quality of Life

Quality of life can be evaluated for several
components including symptom, body
activity, social interaction, and emotional
status. Pulmonary rehab improved all com-
ponents of CRQ significantly including dys-
nea, fatigue, emotional function, and
mastery. SGRQ includes total, symptom,
impact, and activity, and pulmonary rehab
improved these SGRQ areas except symp-
tom [19]. In the largest number of study
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included in this meta-analysis, both SGRQ
and CRQ improved significantly after
6 weeks pulmonary rehab and the effect per-
sists for 1 year compared with control [22].
Trooster et al. also reported that improve-
ment after 6 months pulmonary rehab per-
sisted for 18 months without decrease.
Cochrane review about patients with COPD
exacerbation showed improvement in all
areas of CRQ and all areas of SGRQ except
symptom [23].
4. Emotional and Social Effects
Comprehensive pulmonary rehab improved
significant improvement in anxiety and
depression compared with control, but this
effect was not significant if the program
includes only exercise and education [24]. In
the largest study included in this meta-
analysis, pulmonary rehab improved hospital
anxiety and depression scale (HADS) and this
effect persisted after 1 year [22]. In another
study, pulmonary rehab for 10 weeks
decreased anxiety and improved cognitive
function [25].
5. Survival

The evidence for pulmonary rehab to
improve survival is not enough until now,
and most studies are small non-randomized
observational studies. One randomized
study including 119 patients with stable
COPD reported that group with comprehen-
sive pulmonary rehab improved survival by
11% (67% vs. 56%) compared with group
with education only, but it did not reach sta-
tistical significance. Stav et al. reported that
pulmonary rehab for 3 years improved sur-
vival predictor factors in COPD such as
FEV, decline, exercise capacity, and body
mass index (BMI) in a study including 80
patients with COPD [26]. Pulmonary rehab
after COPD exacerbation was reported to
improve survival in a meta-analysis [23].
However, a recent report suggested that
unorganized pulmonary rehab without

enough time periods after exacerbation can
increase mortality [27].

Suggested Program

Supervised Exercise and Physical

Therapy

Exercise is the most important factor and should
be personalized for each patient. Aerobic exer-
cise includes walking, bicycle ergometer, tread-
mill, and swimming. Aerobic exercise is usually
recommended as 60% of maximal exercise
capacity for 20-60 min, each session, 3—5 times
per week. High and low intensity can be applied
according to patients’ performance. Muscle exer-
cise can improve respiratory symptom and exer-
cise capacity. It can be performed with 60-70%
of maximal capacity, 10 times per session, 2-3
times per week.

Aerobic exercise program for patients with COPD

FITT High intensity Low intensity
Frequency 3-5/week or more | 3-5/week or more
Intensity Borg Scale 5-6 Borg Scale 3-5
Time 20-60 min/day, 20-60 min/day,
6-8 weeks or 6-8 weeks or
more more
Type Walking, bicycle, | Walking, bicycle
swimming
Indication Mild to moderate | Severe COPD
COPD
Strength Great Easy to perform at
improvement in home
exercise Improvement in
Great physiologic | depression
effect High compliance
Weakness Difficult to apply | Small
to every patient improvement in
High risk exercise
Need to observe Longer duration is
Low compliance | necessary

Strength of aerobic exercise should be decided
ideally by VO,max from cardiopulmonary exer-
cise test (CPET). However, it is not easy to per-
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form CPET for all patients with COPD. In these
cases, bMWD, Borg scale and maximal heart rate
are helpful. Besides these methods, exercise
intensity recommended to increase the degree of
sweating and maintain the degree of being able to
converse.

Education
Education is the essential part of pulmonary
rehab. Appropriate education enables patients
participate in their own treatment, and evaluate,
cope with their health problems. Education
should be personalized considering patients’
interest, needs, severity, and comorbidity.
Education program includes the contents below:

e Techniques for inhaler

* Smoking cessation

e COPD action plan: exacerbation

e Vaccination: influenza and pneumococcus
e The impact of air pollution

e Nutrition

Evaluation: Patients-Centered
Outcomes

Patients should be evaluated before and after pul-
monary rehab. The evaluation includes:

e Symptom: history, physical exam, Borg scale,
visual analogue scale, dyspnea, fatigue

e Quality of life: COPD assessment test (CAT),
SGRQ

e Muscle: respiratory, upper and lower extremity

e Daily activity: monitoring tool or self-report
can be utilized [28]
Monitoring tool: Pedometer, activity monitor
Functional status questionnaires: Pulmonary
functional status and dyspnea questionnaire
(PFSDQ), [29] PFSDQ-modified, [30] pulmo-
nary functional status scale (PFSS) [31]

e Exercise capacity: 6-min walking distance
(6MWD), incremental maximal exercise test

e Nutrition

e Depression and psychiatric problem can be
monitored:
Centers for epidemiologic studies depression
scale (CES-D)
Beck Anxiety Inventory (BAI)
Mini-mental state examination (MMSE)

Summary and Suggestion
in Personalized Medicine

Pulmonary rehab should be considered in all
patients who have respiratory symptom due to
COPD. Considering evidences available, patients
with moderate COPD of dyspnea (mMRC grade
2 or more) may have more benefit. Physician
should recommend and organize personalized
pulmonary rehab program if the patients with
COPD have difficulty in their daily life.

Nutrition

COPD is a disease that makes the significant
impact on nutrition status of patients. Nutritional
problems including weight loss, muscle deple-
tion, and cachexia are observed often in COPD
patients. Those problems are associated with
poor nutrient intake, increased energy expendi-
ture due to increased work of breathing, chronic
systemic inflammation, chronic corticosteroid
use, and so on. It was reported that 30-60% of
inpatients and 10-45% of outpatients with COPD
are malnourished state [32]. The prevalence of
malnutrition depends on the severity of disease.
Malnutrition can exert deleterious effects on
respiratory function and immune function.
Therefore, careful nutrition care for COPD
patients to prevent malnutrition is needed.
However, excessive intake should be avoided
because over-nutrition is also harmful to COPD
patients. Therefore, it is important to assess nutri-
tional status and to carry out nutrition education
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for COPD patients. To refer patients to nutritional
professionals can be helpful to implement com-
prehensive nutrition assessment and adequate
nutrition interventions including nutrition
education.

In addition, it is suggested that nutrition may
be important modifiable factor for the progres-
sion and management of COPD [33].

Nutrition Assessment

Body Mass

Weight loss is common in COPD patients and is
reported in 25-40% of all COPD [34]. Weight
loss is accompanied with fat-free mass and loss
of fat-free mass causes decreased muscle func-
tion. The prevalence of muscle atrophy in COPD
patients is reported 20-40% although reported
prevalence varies depending on definition and
disease stage [35]. Weight loss, low BMI (body
mass index), and muscle wasting are associated
with increased mortality, regardless of disease
severity. In a prospective multicenter study, it
was reported that hospitalized COPD patients
with BMI <20 kg/m? had higher mortality com-
pared to patients with BMI >20 kg/m? [36]. BMI
<20-22 kg/m? is suggested as cut-off point to
define underweight status [37, 38] although BMI
<18.5 kg/m? corresponds to underweight in WHO
classification.

Although weight and BMI are useful tools
to assess nutritional status, fat-free mass may
be a better indicator [39]. In a large-scale
study, it was suggested that the type of low
body weight, not low body weight per se pre-
dicts outcome [40]. Depletion of fat-free mass
can occur not only in underweight patients but
also in patients with normal BMI or even obe-
sity. Fat-free mass can measure using BIA
(bioelectrical impedance analysis), or DEX
(dual energy X-ray absorptiometry). However,
measurement of body composition is not
implemented routinely, and it makes to under-
estimate the muscle depletion in normal or

obese patients. Fat-free mass is associated with
pulmonary function [41, 42].

Involuntary weight loss is strongly associated
with nutritional risk. In general, adult person is
considered at nutritional risk when weight loss is
more than 5% during a month or more than 10%
during 6 months.

Excessive weight, particularly excessive body
fat, may negatively affect COPD patients. Obesity
can increase the workload of an already compro-
mised respiratory system. Severe obese patients
have difficulty in breathing caused by restrictions
on the chest wall due to accumulated fat in and
around the thoracic cage, diaphragm, and abdo-
men. As a result, lung volume is decreased and
poor gas change is accompanied [39]. In addi-
tion, obesity may affect oxidative stress, inflam-
mation response, and metabolic alteration.

Nutrition History, Laboratory Data,
and Medical Test

Nutrition history is essential to assess the appro-
priateness of nutrient intake and to plan adequate
nutrition interventions. Nutrition history includes
various factors as follows.

* Meal frequency and pattern, snack pattern,
current and previous diets, food preference,
water and beverage drinking, use of medical
nutrition supplements, any factors affecting
access to food

e Problems related to eating: anorexia, changes
in taste, difficulties in chewing or swallowing,
nausea, vomiting, early satiety, shortness of
breath, diarrhea, constipation, indigestion

Reviews on laboratory data (such as serum
albumin, transferrin, prealbumin, CBC, vitamin
D, calcium, magnesium, etc.) and results of tests
related to nutrition such as bone mineral density
are helpful to assess nutritional status of patient.
In addition, it is needed to check on medication—
nutrients interactions.
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Nutritional Consideration

Energy and Protein

Energy intake should be individualized based on
anthropometric data, physical activity, and medi-
cal status. Energy need is determined at the level
that can maintain reasonable body weight. If the
patient has low BMI, high calorie diet is recom-
mended. In contrast, energy intake should be
controlled to obese patients.

Indirect calorimetry is the most accurate
method to measure resting energy expenditure
(REE). In case that indirect calorimetry is not
available, some predictive equations such as
Harris-Benedict equation or Mifflin-St. Jeor
equation can be used. In general, 25-30 kcal/
kg body weight can meet energy need. In addi-
tion, some methods are available as given
below [43, 44]:.

e Metabolic requirements for COPD: 1.25xREE
e COPD predictive equations [45]:
11.5 x weight (kg) + 952 [male], 14.1 x weight
(kg) + 515 [female]
e Ireton Jones equation

Adequate protein intake is important to main-
tain body mass and to produce various functional
components. Protein intake of 1.2—1.7 g/kg body
weight are recommended to avoid protein loss.

Carbohydrate and fat

There is limited evidence to support COPD-
specific macronutrient composition. In case of
hypercapnia, a diet moderate in carbohydrate and
higher in fat may be considered [46]. However,
excessive fat intake can make harmful effects
including immune suppression.

Omega-3 polyunsaturated fatty acids
(PUFA) have been shown to exert anti-inflam-
matory effect. Although there is no strong evi-
dence, consumption of omega-3 PUFA (oily
fish or fish oil) may have positive effects in

COPD patients. Several studies using omega-3
PUFA supplementation to COPD patients are
underway and are expected to provide evi-
dences [33].

Vitamin, Mineral, and Fluid

Micronutrients intake should meet Dietary
Reference Intakes (DRIs). It may be necessary to
pay closer attention to the consumptions of sev-
eral vitamins and minerals in COPD patients.

Adequate intake of antioxidant vitamins (vita-
min C, vitamin E, and some carotenoids) may
give beneficial effects on respiratory health via
reducing oxidative stress. Also it has been sug-
gested that there are some association between
COPD and vitamin D in several studies. Vitamin
D deficiency reported commonly in COPD
patients. Poor diet, reduced vitamin D synthesis,
and glucocorticoid use may contribute vitamin D
deficiency in COPD patients [47].

Osteoporosis is often reported among COPD
patient. Some factors including excess smoking,
physical inactivity, and glucocorticoids medica-
tion have been suggested as the causes [48].
Inadequate calcium intake can exacerbate bone
health in COPD patients. Excessive sodium
intake can result in fluid retention or peripheral
edema. These make difficulty in breathing [39].

Fluid intake should be adequate. If the patient
is febrile, fluid intake has to be increased. As a
rule, 1 mL/kg is recommended [39]. Enough
water drinking may be helpful to keep mucus
thin.

Nutritional Supplement

When the patient can’t meet his or her nutritional
need (mainly calorie and protein) with regular
foods, use of nutritional supplements has been
recommended. It was reported that use of nutri-
tional supplements could make positive effects
on nutritional status of undernourished COPD
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patients from several meta-analysis studies [34].
However, routine use of nutritional supplements
to COPD patients is not recommended [37].
When patients can’t eat regular foods, nutritional
supplements can be used as a complete diet. If
patients can’t eat enough amounts, nutritional
supplements can be added to regular meal.

Nutritional Tips
How to Resolve Some Problems
Related to Eating
Problems Recommendation
Chewing — Use foods soft in texture such
difficulties as cooked vegetable, moist
ground meat, cooked cereal
Dyspnea and — Get enough rest before meal
fatigue while Eat slowly
eating — Eat small and frequent meals
Abdominal — Eat small amd frequent meals
distention — Avoid gas-forming foods
— Do not drink too much fluid
during meal
Early satiety — Eat small and frequent meals
— Drink beverages at the end of
the meal

Eating Tips for COPD Patients

— Eat small, frequent meals instead of three large
meals. It helps that the stomach is not extremely
full. Full stomach can interfere with breathing.

— Plan meal that includes a variety of foods from
different food groups (grains, vegetables, fruits,
protein foods, dairy, oils). It makes possible to eat
nutritionally balanced meal.

— Limit intake of gas-forming foods such as
carbonated beverages, heavily spiced foods, greasy
foods, onions, cauliflower, broccoli, melon, pea,
corn, cucumber, cabbage, brussels sprouts, turnip,
beans, raw apple, and so on. They may bloat the
abdomen and make breathing difficult.

— Avoid excess salt intake. High salt diet may cause
edema and edema can make breathing difficult.

— Eat slowly. It may be helpful to avoid becoming
short of breath.

Drink 6-8 cups of water daily. Sufficient water
drinking may help mucus thin. But don’t try it at
once.

Drink beverages after a meal. It can help to
reduce the feeling full or bloated.

Rest before eating.

If you need to increase calorie and/or protein,
add foods as follows:

Calorie: butter, whipped cream, sour cream, oils,
mayonnaise, salad dressing, honey, jam, sugar,
granola, dried fruits, cocoa powder, nut, seed,
peanut butter, ice cream, margarine, or nutritional
supplements

Protein: cheeses including cottage or ricotta,
powdered milk, eggs, yogurt, or nutritional
supplements
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Exacerbation of COPD

Jin Hwa Lee

Introduction [1-4]

COPD exacerbation is defined as an aggravation
of the patient’s respiratory symptoms such as
dyspnea, cough, and sputum beyond normal day-
to-day variations, which needs a change in medi-
cation. To diagnose COPD exacerbation,
physicians should exclude other possible causes
such as heart failure, pneumonia, pneumothorax,
or pulmonary thromboembolism [5], which could
be one of common comorbidities in COPD
patients. Since COPD exacerbation has signifi-
cant negative impacts on the patient’s quality of
life and lung function decline, it is one of the
most important prognostic factors in COPD
patients. Practically it is significantly associated
with high in-hospital and subsequent mortality
and large socioeconomic burden [6]. Nevertheless,
useful biomarkers to predict and/or diagnose
COPD exacerbation have not yet been developed.
The diagnosis still depends on only symptomatic
change. Moreover, precipitating factors for
COPD exacerbation are not always identifiable,
though bacterial or viral respiratory infection has
been known as one of the most common causes.
A previous study suggested four biologic COPD
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exacerbation clusters (bacterial, eosinophilic,
viral, and paus-inflammatory) and their corre-
sponding biomarkers [7]. However, they need to
be validated.

Predictors of COPD Exacerbation

Severe airflow limitation defined as low forced
expiratory volume in one second (FEV)) is a
well-known risk factor for COPD exacerbation
[8]. A large prospective cohort study showed that
history of prior exacerbations is the best predictor
of COPD exacerbations [9]. This study served as
an evidence that a “frequent exacerbator” is one
of COPD phenotypes. In two large COPD
cohorts, pulmonary artery enlargement gauged
by computed tomography scan of the chest [a
ratio of the diameter of pulmonary artery to the
diameter of aorta (PA/A) > 1] was the most sig-
nificant predictor of COPD exacerbation [10].
Gastroesophageal reflux was also associated with
COPD exacerbation in several prospective and
retrospective cohort studies [9, 11, 12]. Chronic
bronchitis [13] and emphysema phenotypes [14]
were associated with frequent exacerbation.

Systemic Corticosteroids
Systemic corticosteroids are well-established

treatment of COPD exacerbations. Systemic cor-
ticosteroid by the oral or parenteral route
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decreases risk of recurrence and treatment fail-
ure, shortens length of hospital stay, and improves
lung function and symptoms. Compared with
oral corticosteroid, parenteral treatment has no
benefit on treatment failure, relapse, or mortal-
ity. Parenteral administration rather than oral
treatment increases adverse effects of
corticosteroid [15].

Even though 10-14 days of oral corticoste-
roids have been recommended for treatment of
COPD exacerbations, recent studies suggest that
5 days of oral corticosteroids (40 mg of predniso-
lone or equivalent) would be sufficient for treat-
ment of COPD exacerbations [16, 17]. Also
nebulized budesonide showed similar efficacy to
prednisone in terms of both lung function and
hypoxemia [18]. However, it is controversial
whether patients with acute exacerbation hospi-
talized in an intensive care unit (ICU) have ben-
efit from systemic corticosteroids. Previous
studies showed rather adverse effect of cortico-
steroids such as hyperglycemia than a reduction
of mortality in patients with COPD exacerbation
admitted in the ICU [19]. In critically ill patient
with COPD exacerbation, lower-dose (methyl-
prednisolone, <240 mg/day) corticosteroid did
not show mortality reduction compared to higher-
dose (methylprednisolone, >240 mg/day) [20].
However, lower-dose corticosteroid was associ-
ated with shorter hospital and ICU stay, shorter
length of invasive ventilation, lower medical cost,
and lower insulin requirement [20].

Antibiotics

Half of COPD exacerbations are likely to be
involved by bacterial infection of respiratory
tract. However, sputum culture and/or documen-
tation of pathogen before initiation of antibiotic
treatment are not required particularly in outpa-
tient setting [21]. Since bacterial colonization of
tracheobronchial tree is common even in patients
with stable COPD, prescription of empirical anti-
biotics has high priority [21]. Whether to decide
to give antibiotics to COPD patients with exacer-
bation still depends on clinical symptoms such as
dyspnea and purulent sputum, though several

biomarkers including procalcitonin have been
tested to detect bacterial exacerbation.

Recent meta-analysis demonstrated beneficial
effects of antibiotics for COPD exacerbations on
outcomes of hospitalized patients, particularly
reduction of treatment failure [22]. However, out-
patient antibiotic treatment did not reduce treat-
ment failure risk [22]. Unfortunately, antibiotics
did not show any mortality reduction and short-
ening of length of hospital stay in hospitalized
patients with COPD exacerbation [22]. Therefore
further studies are needed to identify patients
with benefit from antibiotics.

The choice of the antibiotic depends on the
local bacterial resistance pattern. Since the most
common pathogens are Haemophilus influenzae,
Moraxella catarrhalis, and Streptococcus pneu-
monia [23], amoxicillin with or without clavula-
nate, macrolide, or doxycycline are usually initial
choice. Other less frequently isolated potential
pathogens are Haemophilus parainfluenzae,
Staphylococcus aureus, Pseudomonas aerugi-
nosa, and gram-negative Enterobacteriaceae.
Patients at high risk i.e., frequent exacerbators,
severe airway obstruction, or admission to an
intensive care unit need broad-spectrum antibiot-
ics with activity to Pseudomonas aeruginosa
[24], such as piperacillin with or without tazo-
bactam or cyprofloxacin.

The duration of the antibiotic treatment for
COPD exacerbation has not been well defined.
However, a meta-analysis for exacerbation of
chronic bronchitis revealed that short course of
antibiotic treatment is likely to be as effective as
and safer than long-duration treatment [25].

If a COPD patient with exacerbation requiring
hospitalization has high probability of influenza
infection, antiviral agent such as oseltamivir should
be given [26]. Zanamivir inhalation is not recom-
mended because of bronchoconstriction risk.

Inhaled Short-Acting
Bronchodilators

Inhaled short-acting beta 2-agonists with or with-
out inhaled short-acting anticholinergics are
almost always used to treat acute exacerbation of
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COPD though their effects have not yet been val-
idated. A systematic review of delivery methods
of short-acting bronchodilators did not find any
significant differences in FEV, between nebuliz-
ers and metered-dose inhalers (with or without a
spacer device) [27]. However, nebulizers are
more convenient for patients with tachypnea and
dyspnea.

Oxygen [28]

Oxygen supplementation is one of key elements
of hospital treatment of COPD exacerbations
since hypoxemia is common and one of reasons
for hospitalization. Thirty to sixty minutes after
O, supplementation, arterial blood gas analysis
should be performed to confirm appropriate oxy-
genation without respiratory acidosis. High oxy-
gen supplementation can exaggerate ventilation/
perfusion mismatch because oxygen dilates pul-
monary vessels, resulting in respiratory acidosis
and diminished mental status. Therefore O, sup-
plementation should be titrated to target 88% and
over on peripheral O, saturation. High-flow
devices such as Optiflow™ can provide more
accurate and higher fraction of inspired O, than
do nasal prongs or masks [29], and COPD
patients with high O, requirement and no hyper-
carbia may have benefit without mechanical ven-
tilation. If a patient shows no clinical improvement
and/or decreased consciousness despite oxygen
supplementation, mechanical ventilation should
be applied to reduce breathing work and improve
hypoxemia.

Mechanical Ventilation

COPD patients with impending respiratory fail-
ure, altered mental status, or hemodynamic
instability need intensive care. Sometimes inter-
mediate unit is more appropriate for COPD
patients with exacerbation, who do not need
immediate mechanical ventilation but need
more careful monitoring. This unit should have
specialized  personnel and  respiratory
equipment.

Non-invasive Ventilation (NIV)

NIV is an attractive alternative option for COPD
patients with severe exacerbation, who do not
need immediate invasive mechanical ventilation
(e.g., severe dyspnea with alert mental status and
hemodynamic stability) [30]. COPD exacerba-
tion, particularly associated with hypercapneic
respiratory failure, shows the best outcome among
diseases requiring NIV. Also, NIV is frequently
used for patients who still need ventilator support
after weaning of invasive mechanical ventilation,
which prompts early weaning, reduces the risk of
ventilator-associated pneumonia, and shortens
length of ICU stay [31]. Recent meta-analysis
emphasizes early adoption of NIV for survival
benefit since late apply of NIV failed to show sur-
vival benefit [32]. One prospective cohort study
demonstrated that primary NIV use and its suc-
cess, but not empirical antibiotic therapy, are
associated with a favorable outcome [33].

Invasive Mechanical Ventilation

Invasive mechanical ventilation is necessary for
COPD patients with severe exacerbation who do
not tolerate NIV. Indications for invasive mechani-
cal ventilation during acute exacerbation of COPD
are the same as general indications, i.e., at least
one of severe hypoxemic respiratory failure,
altered mental status, aspiration, excessive secre-
tions with inability of self-expectoration, severe
hemodynamic instability, and severe arrhythmias.

Although patients with severe COPD have
high mortality of respiratory failure, acute mor-
tality of COPD patients with respiratory failure is
relatively low compared to mortality of patients
with respiratory failure and without COPD [34].
Nevertheless, COPD patients and their families
sometimes deny endotracheal intubation and
admission to an ICU since they have suffered
dyspnea for a long time and most of them are
very old. Decision of withholding and/or with-
drawal of treatment should be based on the
patient’s performance status including other
comorbidities and reversibility of respiratory fail-
ure cause.
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Other Treatments Without Definite
Evidence

Mucolytics such as N-acetylcysteine showed no
benefit in patients with COPD exacerbation [35].
Randomized controlled studies of methylxan-
thines exhibited significant adverse effects rather
than therapeutic effects [36, 37]. Although intra-
venous magnesium plays a role in bronchodila-
tion during asthma attack, magnesium inhalation
failed to show any benefit for COPD exacerba-
tions [38]. Chest physiotherapy with percussion,
vibration and postural drainage have not yet dem-
onstrated any benefit for COPD exacerbation
[39], though some patients with bronchiectasis
may have benefit.

Management of Exacerbations
in Emergency Room

If a COPD patient visits emergency room with
aggravation of respiratory symptoms, short-
acting bronchodilator inhalation should be
applied with or without oxygen supplementation.
Other possible causes of symptom aggravation
such as heart failure, pneumonia, or pulmonary
thromboembolism should be excluded [5]. When
COPD exacerbation is diagnosed, systemic corti-
costeroids could be prescribed. If the patient
complains recent increase of sputum amount and/
or purulence, antibiotic treatment should be given
[40]. If the above management relieves symp-
toms and there is no hypoxemia at room air, the
patient will be discharged with an appointment of
outpatient clinic. Otherwise, hospitalization is
mandatory. Particularly high requirement of sup-
plemental oxygen and the presence of respiratory
acidosis indicate the need of ventilator support.

Home Care of Exacerbations

While self-care strategies could relieve asthma
symptoms during an asthma attack, COPD exac-
erbations usually need hospital care because
hypoxemia is commonly accompanied and some
patients need the other’s help even during their

stable period. Nevertheless, recent meta-analysis
demonstrated that nurse-guided home care is one
of effective and practical alternatives to admis-
sion in selected COPD patients with exacerbation
without hypercarbic respiratory failure [41].
However, telemonitoring has not showed any
benefits for COPD exacerbation [42-44].
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Introduction

COPD is an umbrella term that is associated with
several systemic manifestation, lung involvement,
and comorbidities [1, 2]. Currently, the description
of comorbidity is complicated and has three differ-
ent domains: “(1) the coexistence of one or more
diseases with no other causation, (2) coexistence
of diseases that share common risk factors and
pathogenic pathways, (3) coexistence of diseases
that are complicated by the interaction with the
lung and systemic manifestation of COPD” [3]. In
a very recent study, BODE Investigator Group
suggested that COPD is interlinked with several
comorbidities larger than non-COPD controls
indicating common pathobiological process [4].
The importance of comorbidities is their impact on
clinical outcomes of a patient life. COPD is a life-
threatening and disabling disease and comorbidi-
ties cause additional impact revealing impairment
in quality of life and increasing mortality [3].

N. Kokturk, M.D. (b))

Department of Pulmonary Medicine, School of
Medicine, Gazi University, Ankara, Turkey
e-mail: kokturk.nurdan @ gmail.com

A. Baha, M.D.

Department of Pulmonary Medicine, Ufuk University
Faculty of Medicine, Ankara, Turkey

e-mail: dr_aysedemir@hotmail.com

N. Dursunoglu, M.D.

Department of Pulmonary Medicine, School of
Medicine, Pamukkale University, Denizli, Turkey
e-mail: ndursunoglu@yahoo.com

© Springer-Verlag Berlin Heidelberg 2017

COPD patients have higher number of comor-
bidities (3.7) than controls (1.8). Studies showed
that 94% of COPD patients had at least one
comorbidity and up to 46% had three or more
comorbidities [3]. Comorbidities have significant
impact on health status, health care utilization,
readmission, and mortality [1, 5, 6]. The National
Health and Nutrition Examination Survey
(NHANES 1) study showed that each increase in
comorbidities is associated with 43% higher
chance of worse self-rated quality of life [7]. They
increase the use of health care resources, the risk
of readmission and mortality. Gastroesophageal
reflux disease (GERD), depression, anxiety, car-
diovascular disease, and pulmonary embolism are
associated  with  exacerbations [6,  8].
Comorbidities have significant impact of clinical
outcomes of exacerbations, hospitalization num-
bers, and the length of stay [6, 9, 10]. Studies
showed that the presence of three or more comor-
bidities was a better predictor of impaired health
status than any other demographic or clinical
variable [3]. The impact of comorbidities in exac-
erbations whether they mimic exacerbations or
they precipitate the intensity of exacerbation is
still a matter of debate [6]. Comorbidities increase
economic burden in COPD. The direct costs have
escalated from 18 billion dollars in 2002 to 29.5
billons in 2010, the largest part consisting of hos-
pital expenses [3]. Most of the annual direct costs
of COPD are associated with comorbidities [3].
According to a recent trial, the chronic kidney
disease and the anemia had greater impact on
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health care cost [11]. Comorbidities are not
only related with hospitalization. COPD
patients use approximately 50% more cardio-
vascular agents than age-matched and sex-
matched controls, and almost twice as many
antibiotics, analgesics, and psychotherapeutic
medications [3, 12].

Finally, comorbidities are related with
higher mortality. In our cohort of severe
COPD, Charlson comorbidity index and lung
cancer are related with mortality [9]. Toward a
Revolution in COPD Health (TORCH) and
Understanding Potential Long-term Impacts
on Function with Tiotropium (UPLIFT) stud-
ies showed that the almost 70% of causes of
deaths in COPD were non-respiratory. The
major non-respiratory reasons of death were
cancer and cardiovascular diseases particu-
larly in mild-to-moderate disease [13-16].
The numbers of comorbidities are related with
mortality [9, 16]. The mortality was 2.2-fold
increased for patients with 4 and higher points
of COPD Specific Comorbidity Test (COTE)
index [17].

The most common comorbidities associated
with COPD are hyperlipidemia, hypertension,
ischemic heart disease, diabetes, skeletal mus-
cle wasting, cachexia, osteoporosis, depres-
sion, and lung cancer [1, 2]. Recently, COTE
index and COMCOLD (Comorbidities in
Chronic Obstructive Lung Disease) are
designed to address comorbidities that
impacted in morbidity and mortality in COPD
[17, 18].

The frequent coexistence of those diseases
suggests that they might have common mecha-
nistic pathways or shared risk factors such as
smoking, reduced physical activities, and age-
ing [2]. One of the suggested underlying
mechanisms is shared systemic inflammation.
The systemic inflammation could arise from
smoking, other risk factors, or ageing itself.
Ageing is related with comorbidities better
than forced expiratory flow rate in one second
(FEV)) itself [19].

Some of the causal mechanisms are attrib-
uted to systemic effects of COPD [16].

Accordingly, COPD can cause a systemic
inflammation so called “spill-over inflamma-
tion” and other diseases may develop triggered
by that inflammation [1]. Comorbidities are
important because they might be the reason of
actual mortality, may result in difficulties in
controlling COPD and sometimes they might
be the actual problem underlying exacerbation.
Some comorbidities, i.e., lung cancer, depres-
sion, anxiety, and pulmonary embolism, could
be easily overlooked under the condition of
uncontrolled COPD. The quality of life and the
risk of mortality could be increased due to
somehow manageable conditions [1] and
should be actively searched and aggressively
treated according to their own treatment strate-
gies [1].

COPD medication may also contribute to the
development and worsening of comorbidities [3].
Bronchodilators could contribute cardiovascular
morbidity such as arrhythmias and tremor.
Anticholinergics can affect intraocular pressure
and bladder functions. Inhaled steroids may
increase the risk of cataracts, skin bruising,
osteoporosis, and pneumonia. Systemic steroids
can contribute to diabetes, hypertension, osteo-
porosis, muscle dysfunction, and adrenal insuffi-
ciency [3].

However, important data are lacking regard-
ing comorbidities. There is no convincing evi-
dence to suggest that treatment of COPD would
reduce comorbidities, the treatment of comor-
bidities improves COPD and that the presence
of COPD alters the treatment modalities of
comorbidities. Large-scale prospective studies
are needed to address those clinical questions.
The best suggested approach in reduction of
comorbidities in COPD is reduction of com-
mon risk factors. Whether reduction of so-
called spill-over inflammation with
anti-inflammatory treatment of COPD would
also reduce COPD-related comorbidities is still
doubtful [5].

Herein we categorized the frequent comor-
bidities that were described as if the prevalence
was greater than 5% in COPD population
(Table 19.1) [6].
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Table 19.1 Summary of frequent and important comorbidities in COPD [6]

Prevalence
Comorbidity % Shared risk factors
Respiratory system
Asthma 20 Small airway obstruction, inflammation
Lung cancer 15-20 Systemic inflammation (NF-KB)
Pulmonary 6 Systemic inflammation
fibrosis
PHT 10-91 Hypoxia, endothelial dysfunction, pulmonary arterial dysfunction
Endocrine system
DM 10-19 Corticosteroid use, systemic inflammation, insiilin resistance
Obesity 16-24 Hormones, systemic inflammation
Metabolic 25-57 Systemic inflammation, insiilin resistance
syndrome
Vitamin D 60 Aging, low food intake, corticosteroid use, immobilization
deficiency
Musculoskeletal system
Muscle 36 Low physical activity, corticosteroid use, hypoxia, hypercapnia, inflammation,
dysfunction smoking
Osteoporosis 4-59 Corticosteroid use, systemic inflammation, vitamin D deficiency

Cardiovascular system

IHD 16-53 Systemic inflammation, vascular endothelial dysfunction
HF 20-32 Systemic inflammation, dynamic hyperinflation
Systemic 40-60 Loss connective tissue, high arterial stiffness, aging
hypertension

VTE 3-29 Endothelial dysfunction, immobilization, coagulopathy

Gastrointestinal system

GERD 7.7-30 Decrease low esophageal sphincter relaxations

Malnutrition 10-15 Nutritional imbalance, systemic inflammation
Sleep disorders

Overlap 0.5-3 Obesity, systemic inflammation

syndrome

Hematologic system

Anemia 7.5-33 Renal impairment, malnutrition, low testosterone levels, growth hormone level
abnormalities
Urinary system
CKD 16-39
8-80 Immobilization, hypoxia, increased number of comorbidities, poor quality of life,
Anxiety- living alone
depression

NK-KB nuclear factor KB, PHT pulmonary hypertension, DM diabetes mellitus, /HD ischemic heart disease, HF heart
failure, VTE venous thromboembolism, CKD chronic kidney disease.

COPD and Respiratory System

Asthma

Asthma COPD Overlap (ACOS) has a prevalence
of 20% of patients with obstructive lung diseases
(asthma or COPD) and 2% in general population.

The coexistence of both diseases causes signifi-
cant impairment in health status, increased exac-
erbation, and increased hospitalization. Treatment
should cover both inhaled steroids and broncho-
dilators in ACOS patients. There is limited evi-
dence for treatment recommendation because
ACOS patients are excluded from randomized
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controlled trials [20]. The detailed information of
ACOS has been covered elsewhere in this
textbook.

Lung Cancer

Both COPD and lung cancer have developed in
15-20% of chronic smokers and expected to
increase in prevalence and mortality to 2030 [21,
22]. Although ageing, smoking, and family history
have been identified as key risk factors, host sus-
ceptibility has been indicated in both diseases. The
question of whether COPD and lung cancer are
linked independent of shared risk factors has been
investigated for more than a decade. The first
National Health and Nutrition Examination Survey
(NHANES 1) showed that moderate to severe air-
way obstruction increased the risk of lung cancer
(Hazard Ratio: 2.8) [23]. Later studies showed that
both emphysema and airflow obstruction are
related with increased lung cancer incidence after
adjusting for potential confounders [23-25]. Data
have shown that COPD prevalence in a population
of lung cancer is 9% up to 50% [17, 26]. COPD
prevalence in newly diagnosed lung cancer
patients was found to be sixfold greater than in
matched smokers [26]. The major impact of lung
cancer in COPD is management difficulties and
increased mortality [3, 9]. Vice versa COPD has
impact on lung cancer in a similar manner with
limiting the chance of surgery, increasing postop-
erative complications and finally increasing the
chance of mortality [3, 6, 27].

The underlying mechanisms under COPD and
lung cancer are very complex. Genetic factors,
ageing, epigenetic mutations, and common
inflammatory mechanisms have been identified
[5, 22, 28]. Recent advances in genetic epidemi-
ology demonstrate several number of loci are
overlapping both in COPD and lung cancer.
CHRNA 3/5 (Chrl5q25) and FAMI3A are
among them [22]. Those data have raised two
important questions: (1) Do COPD patients or
emphysema patients need early screening for
lung cancer detection and (2) Is there any place
for a genetic-based risk stratification of smokers
that might help better targeted therapy, preven-

tion, and early diagnosis? The answer is probably
YES for both questions [22, 29]. Supporting that
concept, in a posthoc analysis of National Lung
Screening Trial, in a subgroup of screened
patients who demonstrate airflow limitation, the
risk of lung cancer increased twofold, the overdi-
agnosis was minimal, and they had stage shift
favorable for screening [30]. New screening risk
models including the information about COPD is
under validation [31].

Pulmonary Fibrosis

The association of combined pulmonary fibrosis
and emphysema (CPFE) was first described as a
syndrome by Cottin in 2005 as upper lobe emphy-
sema, lower lobe fibrosis, subnormal lung vol-
ume and diminished carbon monoxide diffusion
capacity (DLCO) and high prevalence of pulmo-
nary hypertension [32]. The combined appear-
ance was first interpreted as a coincidence of two
smoking-related diseases; however, in reality,
most idiopathic pulmonary fibrosis (IPF) patients
do not have emphysema and most COPD patients
do not show overt fibrosis either. Therefore the
actual pathobiology would be different from
what it was historically though and might indi-
cate an individual susceptibility [33].

The prevalence of pulmonary fibrosis has
found to be 6.1% in 1664 COPD patients in a
recent landmark study performed by BODE
group [17]. Pulmonary fibrosis was found to be
related with higher mortality (HR: 1.51, CI 95%
(1.13-2.03)) [17]. The prevalence of detectable
CPFE patients in IPF patients are varied depend-
ing on methodology (8-51%) [34].

The patients have heavy smoking history.
Telomerase abnormalities can be considered to
explain genetic susceptibility [34]. The symp-
toms of CPFE are more likely to resemble IPF
showing progressive dyspnea and dry cough [34].
Paraseptal emphysema is typical for CPFE [32,
34]. Thick walled cystic lesions, lower lobe fibro-
sis, honeycombing, and traction bronchiectasis
are common imaging findings [34]. In respect to
associated findings, emphysema is more extended
in CPFE patients than IPF patients. The differ-
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ence of fibrosis scores between CPFE and IPF is
controversial [34].

Those patients have higher risk of pulmonary
hypertension. The pulmonary hypertension prev-
alence was reported as 47-90%. Likewise, lung
cancer has been detected with a prevalence of
35.8-46.8% indicating higher prevalence than
either COPD or IPF [34]. Both pulmonary hyper-
tension and lung cancer have contributed to
worse prognosis of CPFE [34].

Treatment of CPFE

There is no specific therapy for CPFE. Patients
should be treated as either disease alone.
Hypoxemia should be corrected by long-term
oxygen therapy. Bronchodilation could be an
option for CPFE patients with airflow obstruc-
tion. It is currently unknown whether pirfenidone
or nintedanib is efficacious in CPFE [34]. Lung
transplantation is the only therapeutic option [6].

Chronic Kidney Disease (CKD)

The prevalence of CKD has been shown as 16.7,
22.2, and 39% in different COPD cohorts [17, 35,
36]. The risk of renal diseases is greater in COPD
group than non-COPD control groups [37].
Chronic renal failure may exist with the normal
serum creatinine level in COPD [3, 35]. The arte-
rial stiffness and endothelial dysfunction could
lead to a renal dysfunction [3]. In NHANES III
study, all cause of mortality was associated with
albumin/creatinine ratio and estimated GFR [38].
CKD has also impact on treatment of COPD and
its complications [3, 6].

Treatment: CKD in COPD is treated as the
same for patients without COPD [1].

COPD and Endocrinology
and Metabolism

Weight loss and muscle wasting are present in
20% of stable COPD patients. This reaches to
40% for patients with respiratory failure and 70%

of patients requiring mechanical ventilation [39].
There is a decrease in fat-free mass with decrease
in muscle mass (sarcopenia). The muscle mass is
influenced by inflammatory cytokines, mechani-
cal load on the muscles, and anabolic axes. There
are four anabolic axes: somatotropic, gonadal,
adrenal, and insulin [39].

COPD and Somatotropic Axis

The major component of somatotropic axis is
growth hormone (GH) and insulin-like growth
factor (IGF-I). IGF-I stimulates muscle protein
synthesis and hypertrophy and inhibits protein
catabolism [39]. Aging, malnutrition, inactivity,
and administration of glucocorticoids are associ-
ated with downregulation of the GH/IGF-I sys-
tem; however, hypoxemia and hypercapnia may
result in an increased level of GH/IGF-I levels.
Depressed level of IGF-I in COPD may contrib-
ute to the decreased muscle mass in COPD; how-
ever, resistance to GH or ghrelin action may also
be the case in cachexia in COPD.

Treatment: The administration of recombinant
human GH has produced conflicting results.
There are important questions on selection crite-
ria, monitoring and safety of the studies of

recombinant GH/IGF-I supplementation in
COPD [39].
COPD and Gonadal Axis

Gonadal axis is a complex network of hormones
that includes testosterone and other anabolic hor-
mones. In both men and women, testosterone is
responsible for libido, sexual hair, and muscle and
bone health. The level of testosterone and its pre-
cursor adrenal steroid dehydroepiandrosterone
(DHEA) is declined with advanced age. That is
called “late-onset hypogonadism” and it accom-
panies with decreased energy level, libido, bone
density, and muscle mass. The research in that
field is more focused on men; however, women
have similar declined level of androgens [39].
Ageing, chronic comorbidities, hypoxemia,
hypercapnia, smoking, administration of
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glucocorticoids, systemic inflammation, and obe-
sity are the risk factors of late-onset hypogonad-
ism in COPD. The prevalence of late-onset
hypogonadism in normal population is about 3%
and in COPD is reported between 22 and 69%.
Different results may be due to different sample
size and population [39]. Studies did not find a
relation between testosterone level and sexual
difficulties, health quality surveys, and respira-
tory muscle performance. In some studies, low
level of testosterone has found to be related with
a decrease in quadriceps strength and testoster-
one administration has caused an increase in
strength. However, there are also negative studies
and the doses and the duration of testosterone
administration is not known. Current studies have
not shown a difference in exercise performance
in hypogonadal and eugonadal COPD patients.
Testosterone administration has not made any
improvement in exercise performance [39].
Diagnosis: The late-onset hypogonadism
should be searched when patients concern about
erectile dysfunction and other related symptoms.
When it happens the repetitive testosterone levels
are measured and should be lower than 8 nmol/L
or in borderline level (8—11 nmol/L) in order to
initiate advance evaluation [41]. ANDROTEST
is designed for the purpose of diagnosis showing
a sensitivity and specificity close to 70% in
detecting low total or free testosterone [40].
Treatment: Testosterone therapy should be con-
sidered for sexual dysfunction regardless with
COPD. However, it is not known that the symp-
toms are related with normal aging or related with
low testesteron [40]. Although hypogonadism is
related with obesity, metabolic syndrome and dia-
betes Type 2, hypertension and cardiovascular dis-
ease, testesteron should not be offered for potential
additional benefits regarding muscle functions and
insulin resistance, if there is no symptoms of sex-
ual dysfunction [41]. We do not know now if there
is a causal relationship with low testosterone with
those conditions or low testosterone is basically a
result of those conditions. For instance, studies
showed that losing weight resulted in an increase
in serum testosterone levels [42]. There is no clear
indication for administration of testosterone in
COPD. Testesteron replacement can be related

with potential obstacles. The absolute contraindi-
cation for testosterone replacement includes pros-
tate and breast carcinoma. The relative
contraindications are serum prostate specific anti-
gen >4 ng/mL, a hematocrit >50%, severe lower
urinary tract symptoms caused by benign prostatic
hypertrophy, untreated or poorly controlled con-
gestive heart failure, and untreated sleep apnea
[41]. Late-onset hypogonadism is underdiagnosed,
under researched area. Further large randomized
studies are needed.

COPD and Adrenal Axis

The adrenal gland produces a vast array of hor-
mones: cortisol, DHEA and its metabolite,
DHEAS. The high levels of cortisol/DHEA or corti-
sol/DHEAS ratios are thought to create an imbal-
ance between protein synthesis and degradation
favoring catabolism. Cortisol mobilizes glucose,
free fatty acids, and amino acid; increases appetite;
and induces insulin resistance. Studies found that
DHEAS levels are lower in COPD patients than in
controls. There is no data regarding cortisol levels
are altered in COPD [40, 41]. However, it is known
that systemic steroids and high dose inhaled steroids
increase the risk of adrenal insufficiency. Neither
glucocorticoid dose nor duration of treatment can be
used to predict adrenal insufficiency [43].

In COPD, the cortiso/DHEAS ratio was
greater among patients with reduced muscle
mass. On the other hand, administration of
DHEA had no effect on body composition, mus-
cle strength or quality of life, and bone mineral
density in people without COPD [43].

Treatment: There is no evidence that DHEA
administration has a significant benefit in COPD
[40-42].

Diabetes Mellitus

Insulin is an anabolic hormone that exerts its
action binding to its receptors throughout the body
including lung, liver, and skeletal muscle. Insulin
improves hypoxia-induced vasoconstriction and
causes pulmonary artery vasodilation [39].
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Diabetes Mellitus (DM) can result from
destruction of pancreatic beta cells. There is insu-
lin deficiency (type 1) and insulin resistance
(type 2) in patients with diabetes.

The prevalence of diabetes in patients with
COPD is 10-18.7% [39]. The relation between
impaired pulmonary function and the risk of dia-
betes is controversial. In the Framingham Heart
Study and NHANES study, there was no associa-
tion between COPD and the development of dia-
betes [39]. However, other studies showed
contrasting results. In a large nationwide twin
cohort in Denmark, patients with chronic bron-
chitis and COPD had an increased risk of type 2
diabetes after adjusting for age, sex, smoking,
and body mass index (BMI) (OR: 1.57 for chronic
bronchitis or OR: 2.62 for COPD). The preva-
lence of type 2 diabetes in COPD group was
6.6% while it was 2.3% in non-COPD control
group [44]. In a Women’s Health Study, 38,570
women were followed for 12.2 years; during fol-
low-up, 2472 incident type 2 diabetes events
were accounted and asthma or COPD was found
to be associated with diabetes (RR: 1.37 for
asthma and 1.38 for COPD) [45]. In a primary
care setting, analyzing the primary care records
of 1,204,100 individuals, the physician diag-
nosed COPD has increased the risk of new onset
type 2 DM [46].

Glucose metabolism is more disturbed in
COPD patients than non-COPD patients. The eti-
ology behind this phenomenon is not known
well. However, shared risk factors and common
inflammatory pathophysiology could be reason
behind it. Advanced age, hereditary factors,
smoking, and low birth weight are the shared risk
factors of both diabetes and COPD [47].

Obesity and Adipose Tissue

Obesity is one of the major risk factors of new
onset type 2 diabetes and metabolic syndrome.
Obesity could be associated with decreased
respiratory volumes. In addition to this, central
obesity can enhance systemic inflammatory cyto-
kines such as interleukin-6 (IL-6) and tumor
necrosis factor a (TNF-a). Obesity is also associ-
ated with reduced adiponectin which has anti-
inflammatory properties [47].

Abdominal obesity is more prevalent in mild-
to-moderate COPD (16-24%) than severe disease
(6%) and that is associated with airflow obstruc-
tion independently from smoking [48, 49]. In a
study performed in California, 54% of the COPD
patients were obese (BMI > 30 kg/m?) and this rate
was higher than the general population. Obesity
was more associated with chronic bronchitis than
emphysema [50, 51]. On the other hand, low BMI
is considered a worse prognostic marker and
related with all cause of mortality [52]. However,
low BMI seen in advanced COPD is a result of
loss of fat-free mass and pathophysiologically
similar to cancer cachexia [47]. Supporting these
results, another study showed that low BMI was
associated with greater mortality compared with
normal or high BMI. The loss of three BMI units
was associated with increase in all cause of mor-
tality in controls and COPD groups, whereas
weight gain was associated with increased mortal-
ity only in controls [53]. In a Korean cohort,
increased BMI is related with mortality from car-
diovascular disease [54]. However in a European
cohort, low BMI is related with increased mortal-
ity [55]. It seems that in early stages of COPD,
obesity is accompanied with cardiovascular dis-
ease and insulin resistance leading mortality and in
the severe stages the obesity is a protective effect
for mortality [56]. It is called obesity paradox and
the pathogenesis behind it is not known. Future
studies are needed to explain “obesity paradox.”
Fat-free mass loss could be an explanation behind
low BMI seen more in emphysema related with
higher mortality [47].

Adipose tissue is an active endocrine organ
producing several substances. Leptin and adipo-
nectin are more studied [47, 57, 58]. Resistin
may contribute to the dysglycemia and insulin
resistance in COPD [59]. More studies are needed
if there is a true mechanistic interaction between
those markers and COPD [47].

Systemic Inflammation and Oxidative
Stress

Both COPD and type 2 diabetes are related with
both enhanced oxidative stress and systemic
inflammation. TNF-alpha, IL-6, IL-1B, CRP, and
fibrinogen are most studied [47].
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Hypoxia could have contribution on
COPD. Pancreatic B cells may be damaged by
hypoxia. The pathophysiology could be mediated
by hypoxia inducible factor 1 family (HIF).
Hypoxia-mediated increase in HIF-lalpha can
induce adipose tissue fibrosis and resistance to
insulin at the level of skeletal muscle [47].

Moreover, COPD is associated with hypogo-
nadism, increased catecholamines, and RAAS
(renin—angiotensin—aldosterone systems) and
they all related with glucose metabolism [47].

The Impact of DM Type 2 in COPD

DM has impact on pulmonary vasculature leading
to  pulmonary microangiopathy  showing
detrimental effect on alveolar capillary bed.
That results in reduced diffusion capacity of
carbon monoxide [60]. Studies showed that
DM-related nephropathy is significantly asso-
ciated with the presence of pulmonary capil-
lary dysfunction [47].

DM is associated with the development of
muscle dysfunction. Diaphragm could be tar-
geted by DM which could be probably mediated
by phrenic neuropathy [47]. In Copenhagen City
Study, Framingham Heart Study, and Fremantle
studies, subjects with DM had lower values of
FEV, and forced vital capacity (FVC) [61-63]. In
Fremantle study, DM is associated with greater
lung decline and DM-related airflow limitation
was associated with increased mortality [63]. In
Normative Aging Study, DM is not associated
with accelerated decline of lung function [64].

DM also associated with increased risk of
exacerbations. DM-associated inflammation can
cause increase risk of pro-inflammatory state that
can increase the risk of exacerbation. The sys-
temic glucocorticosteroids are used in exacerba-
tion and that can induce diabetes.
Glucocorticosteroids can cause hyperglycemia
by increasing gluconeogenesis in the liver and
decreasing glucose uptake in the liver and adi-
pose tissue [65]. The estimated DM prevalence
among chronic systemic CS user is about 11%
within 3 years following treatment [66]. There is
evidence that particularly high dose inhaled

steroids can increase the risk of type 2 diabetes
and can worsen the glycemic control [65, 67].
DM associated the increased risk of infections.
Hyperglycemia may particularly increase the risk
of methicillin resistant Staphylococcus aureus
(MRSA). Hyperglycemia is related with increased
morbidity and mortality in COPD exacerbation
[68]. Comorbid DM prolongs length of stay and
increases risk of death in patients with COPD
exacerbations (AECOPD) [69, 70].

The Impact on DM Therapies in COPD

The goal of diabetic care is to achieve glucose
levels close to normal levels [39]. Patients should
be cared as standard DM patients in achieving
this goal [1, 71]. Inhaled steroids in diabetic
patients with COPD are conflicting. The studies
showed that systemic insulin therapy may be
beneficial for DLCO. Oral antidiabetics such as
metformin or thiazolidinedione improve FVC
that was thought to be due to improved respira-
tory muscle function [47]. Moreover, metformin
has some antitumor effects [47]. Metformin is
thought to increase the risk of lactic acidosis, and
is considered contraindication for chronic hypox-
emic conditions. However, recent studies showed
no significant acidosis in metformin users [72].

COPD and Metabolic Syndrome

Metabolic syndrome is defined as several criteria
(Table.19.2) [73]. These criteria are given as an
indirect measurement of insulin resistance. The
direct measurement of insulin is less established
in the routine clinic [73]. Homeostasis Model
Assessment of Insulin Resistance (HOMA-IR) is
the most widely used. It requires measurement of
fasting plasma glucose and insulin levels [73].
The prevalence of metabolic syndrome is
reported to be 25, 42.9-57% [74-76]. It seems
that metabolic syndrome accompanied milder
COPD than severe disease [76]. The impact of
metabolic syndrome in COPD is not well studied.
However, studies showed that COPD patients
with metabolic syndrome have more complaints
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Table 19.2 Metabolic syndrome definition criteria [73]

NCEP ATP III IDF
3 out of 5 Waist +2 out of 4
Waist
circumference
Males >102 cm >94
Females >88 cm >80
Fasting >5.6 mmol/L >5.6 mmol/L
glucose™”
High-density
lipoproteins®
Males <1 mmol/L <1 mmol/L
Females <1.3 mmol/L <1.3 mmol/L
Triglycerides | >1.7 mmol/L >1.7 mmol/L
Blood >130/85 mmHg | >130/85 mmHg
pressure

NCEP ATP III national cholesterol education program
adult treatment panel III, /DF international diabetes
federation

“Either above cutoff or established diabetes mellitus or
specific treatment

PEither above cutoff or specific treatment

and more comorbidities [75, 76]. The cardiovas-
cular mortality seen in mild COPD could be
related with metabolic syndrome [73].

Treatment: Reducing weight, exercise, testest-
eron, and insulin sensitizers are beneficial in met-
abolic syndrome. However, there is no specific
guideline for the treatment of comorbidities
including metabolic syndrome with COPD [73].
It should be treated according to the endocrino-
logical principals [77].

COPD and Thyroid Disease

The thyroid hormones regulate the metabolism of
proteins, lipids, and carbohydrates, and increase
the metabolic rate as a result of respiratory drive.
Limited data are available on thyroid disease and
COPD. The prevalence of thyroidal disease in
COPD is not known [39].

COPD and Hypothyroidism

Impaired thyroid function can present as subclin-
ical hypothyroidism, manifest hypothyroidism,
and nonthyroidal illness syndrome. Nonthyroidal

illness syndrome 1is described as low T3,
decreased or normal T4, and normal TSH. This
was called as euthyroid sick syndrome in the past
but that nomenclature is abandoned now. Severe
obstruction, hypoxemia, systemic glucocortico-
steroid usage, and systemic inflammation can be
the etiology behind hypothyroidism. When pres-
ent hypothyroidism can decrease respiratory
drive, respiratory muscle function, exercise
capacity and increase the risk for sleep disorder.

Treatment: Hypothyroidism in patients with
COPD should be treated in the same manner as in
patients without COPD [39, 78].

COPD and Hyperthyroidism

Hyperthyroidism may impair respiratory muscle
function, respiratory mechanics, and exercise
capacity. As a result, inspiratory and expiratory
muscle weakness, decreased lung compliance,
and respiratory failure can occur [39].

Treatment: Hyperthyroidism in patients with
COPD should be treated in the same manner as in
patients without COPD [78].

COPD and Renin-Angiotensin-
Aldosterone System

Patients with COPD can develop fluid retention
when stable or during exacerbation. Right heart
pressure can be normal or increased. Traditionally,
volume overload is thought to be caused by right
ventricular failure caused by hypoxia-induced
pulmonary vasoconstriction. Growing evidence
suggests that renal vasoconstriction is central in
the fluid retention and that can be triggered by
hypercapnia. Development of sodium and water
retention in COPD implies poor prognosis [39].
Treatment: Although the renin—angiotensin—
aldosterone system has been studied for more
than 30 years in COPD, few investigations have
assessed aiming to reduce fluid retention.
Postponing diuretics as long as possible can be
one approach because diuretics can aggravate
sodium and water retention by several mecha-

nisms. Some authors suggest the use of
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angiotensin-converting enzyme inhibitors for
increasing sodium excretion. However, the results
are inconsistent in different studies [39].

COPD and Vitamin D

Vitamin D has long been known as essential for
musculoskeletal health. However, more recently
there has been increased interest in vitamin D
regarding its potential noncalcemic effects and its
relationship with chronic disease, particularly
COPD, since vitamin D hypovitaminosis is a
common status throughout the world including
socioeconomically underdeveloped and devel-
oped countries [79]. There has been interest in a
possible link between vitamin D hypovitaminosis
and COPD pathogenesis, progression, exacerba-
tions and associated comorbidities.

Vitamin D synthesized in skin under the effect
of UV light. It is converted to active form in kid-
ney. Vitamin D regulates calcium and phosphorus
metabolism. The desired vitamin D level is above
30 ng/mL. Vitamin D deficiency is described as if
the 25(OH) vitamin D level is under 20 ng/
mL. Insufficiency is between 20 and 29 ng/mL
[80]. The noncalcemic effects are expected with
higher levels.

An age-matched controlled study showed that
COPD patients had significantly lower vitamin D
levels when compared to controls, which might
suggest that COPD patients have a higher risk of
vitamin D deficiency [81].

COPD itself may comprise additional risks for
vitamin D deficiency due to the fact that low food
intake, aging, staying indoors, increased vitamin
D catabolism due to glucocorticosteroids,
impaired activation by renal dysfunction, lower
storage capacity in muscles or fat tissues due to
wasting [81, 82].

Vitamin D deficiency is related with osteopo-
rosis, muscle weakness, infection, and cardiovas-
cular events in COPD. Several studies showed
that vitamin D deficiency is related with COPD
onset, COPD progression and exacerbation.

Treatment: Direct sun exposure without sun-
screen is needed for skin to produce vitamin D3.
The recent Endocrinology Guideline in vitamin

D deficiency recommends that adults above age
50 require daily 600-800 IU vitamin D for bone
and muscle health. However, in order to raise
blood vitamin D level over 30 mg/dL 1500—
2000 IU/d vitamin D will be needed [80].

The guideline suggests that all vitamin D defi-
cient adults should be treated with 50,000 IU of
vitamin D2 or vitamin D3 once a week for
8 weeks or its equivalent of 6000 IU of vitamin
D2 or vitamin D3 daily to achieve a blood level
of 25(OH)D above 30 ng/mL, followed by main-
tenance therapy of 1500-2000 IU/day. Higher
doses are needed in obese patients and patients
with malabsorption syndromes. The serum vita-
min D level should not exceed 100 ng/mL. There
is no clear evidence to recommend higher dose
Vitamin D supplementation for noncalcemic ben-
efits in COPD [80].

COPD and Musculoskeletal
Functions

COPD and Muscle Dysfunction

Skeletal muscle dysfunction is an important sys-
temic consequence of COPD because of its
impact on physical activity, exercise tolerance,
quality of life, and survival on the disease [83].
Skeletal muscle function is described by muscle
strength (the ability to generate force produc-
tion), muscle endurance (the ability to sustain a
given contraction over time), and muscle fatigue
(a physiological sense defined as the failure of
force generation resulting from activity under
load). Skeletal muscle weakness is characterized
by reduced muscle strength, reduced muscle
endurance, and the presence of muscle fatigue
[84]. Muscle weakness is mainly observed in the
lower limb muscle of patients with COPD.
Lower limb muscle weakness is found to be
more severe in patients with cachexia and wors-
ens during exacerbations [85-87]. In lower limb
muscles, several adaptations develop with COPD;
these include muscle fiber type shift from type I
towards type IIx muscle fibers resulting in
reduced oxidative and increased glycolytic
capacity, fiber atrophy, loss of muscle mass, and
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decreased capillary density [88]. Importantly,
reduced quadriceps strength is found to be a use-
ful predictor for mortality in patients with COPD
[89] and the quadriceps muscle weakness is a
common feature in patients within all stages of
COPD [84, 90].

Reduced quadriceps strength in COPD is
associated with reduced exercise capacity [91,
92], compromised health status [93], increased
need for health care resources [94], and mortality
independent of airflow obstruction [88].

Eighteen to 36% of COPD patients present
with net detriment of muscle mass, which is
responsible for weight loss in 17-35% of these
patients [95]. The estimated overall prevalence of
skeletal muscle weakness in patients was shown
to be 20-30% [84, 96]. Although skeletal muscle
weakness is a feature of cachexia, quadriceps
weakness in COPD is not simply an epiphenom-
enon; indeed, weakness is frequent with a ratio of
approximately 2:1 compared with loss of fat-free
mass [90].

Seymour et al. have demonstrated that a sig-
nificant proportion of patients in GOLD stages 1
and 2, or with an MRC dyspnea score of 1 and 2,
had quadriceps weakness (28% and 26%, respec-
tively); these values rose to 38% in GOLD stage
4, and 43% in patients with an MRC score of 4
and 5 [97].

The physiopathological interaction between
COPD and alterations in limb muscle tissue is
still poorly understood. Several factors, such as
smoking, corticosteroids, hypoxia, hypercapnia,
inflammation, oxidative stress, reduced daily
physical activity, vitamin D deficiency, and nutri-
tional deficits, have been proposed to explain the
initiation and the progression of muscle dysfunc-
tion in COPD [84].

Etiology

Smoking: Smoking was shown to be related to
decreased skeletal muscle strength and physical
performance in healthy adults [98, 99]. In healthy
smokers and patients with COPD, cigarette
smoke was shown to induce muscle atrophy,
reduce muscle protein synthesis, induce oxida-

tive modifications on muscle proteins [100], and
increase the expression of genes involved in mus-
cle catabolism and associated with inhibition of
muscle growth [101].

Corticosteroid use: Corticosteroids are fre-
quently used in patients with COPD to reduce
pulmonary symptoms and to treat exacerbations
[102]. Although a short course of systemic corti-
costeroids may not alter limb muscle function in
COPD [103], these anti-inflammatory agents
have a trophism for the muscles, and their chronic
or repeated use can potentiate muscle atrophy
and weakness in patients with COPD [104].
Morphological changes have been reported in the
quadriceps in patients with COPD presenting
with a corticosteroids-related myopathy [105].

Hypoxia: Hypoxia may contribute to muscle
wasting in COPD by a variety of mechanisms,
including reduced anabolic hormone levels [106],
increased levels of pro-inflammatory cytokines
[107] and by the generation of ROS (reactive
oxygen species) that contribute to oxidative stress
[108].

Hypercapnia: The phosphocreatine (PCr)/
phosphate (Pi) ratio is significantly lower [109]
during exercise in COPD patients, with faster
PCr depletion [110], and postexercise recovery
is slower in patients compared with healthy
controls. The ratio of PCr to Pi is closely
related to that of adenosine-tri-phosphate
(ATP) to adenosine-di-phosphate (ADP) and,
hence, is a useful marker of muscle energy sta-
tus. Acute hypercapnia leads to intracellular
acidosis that has marked effects upon muscle
cell metabolism, including decreases in ATP,
PCr, and adenosine nucleotides [111, 112].
Furthermore, acute hypercapnia in healthy
humans reduces limb muscle and diaphragm
contractility [113, 114].

Inflammation: Systemic inflammation has
been postulated as a major etiological factor in
the skeletal muscle dysfunction commonly seen
in COPD. TNF-a levels are elevated in patients
who fail to gain weight during a rehabilitation
and re-feeding program, whereas increased
blood levels of IL-6 (interleukin-6), interleu-
kin-8 (IL-8), TNF-a, and CRP (C-reactive pro-
tein) in COPD patients have been associated
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with increased resting energy expenditure, giv-
ing support to the concept that pro-inflammatory
cytokines play a role in COPD-associated
cachexia [90].

Oxidative Stress: The most important triggers
for the development of oxidative stress in
patients with COPD are cigarette smoke and sys-
temic inflammation [84]. Oxidative stress was
found to be associated with decreased quadri-
ceps muscle strength and was shown to cause
increased bone resorption during severe COPD
exacerbations [115].

Vitamin D deficiency: Vitamin D was shown
to play an important role in the growth of skeletal
muscles, muscle contractility, and myogenesis
[116] as well as in the development of the growth
plate, mineralized bone, and osteoclastogenesis
[117]. Therefore vitamin D deficiency may con-
tribute to limb muscle dysfunction [84].

Inactivity: Physical inactivity was found to be
crucial in the development of skeletal muscle
weakness in patients with COPD. It is believed to
result in quadriceps weakness due to mechanical
unloading of the muscle and due to muscle wast-
ing [118, 119].

Also, nutritional depletion is associated with
reduced upper and lower limb muscle force, a
loss of force at higher stimulation frequencies,
slowing of muscle relaxation rate, and a reduc-
tion in muscle endurance [90].

Treatment

Several interventions have been used in an
attempt to improve muscle function in patients
with COPD. These and their respective effects on
limb muscles are summarized in Table 19.3 [83].

Pharmacological (testosterone replacement
therapy, vitamin D and calcium supplementation)
and non-pharmacological treatments (exercise
training, prevention of falls and balance training
and nutritional counseling) are applied in the
management of musculoskeletal problems in
patients with COPD [83, 84].

Aerobic exercise training, resistance/strength
training, and inspiratory muscle training are done
in exercise training taking into account overload,
specialization, individual differences, and revers-
ibility principles [83, 120]. Supplemental oxygen
given during exercise reduces ventilatory require-
ments for a given workload and increases oxygen
supply to muscles exercising at high exercise lev-
els and maximal exercise tolerance [83].
Transcutaneous neuromuscular electrical stimu-
lation (NMES) is suitable for severe decondi-
tioned patients with COPD, during exacerbation
periods, transferred to intensive care or bedrid-
den patients with COPD [83, 84]. Water exercises
are useful for severe dyspneic patients with
COPD with advanced age and physical comor-
bidities. Muscle strength, functional capacity,

Table 19.3 Effects of treatments for limb muscle dysfunction in chronic obstructive pulmonary disease [83]

Treatment Mass

Strength Exercise tolerance Survival

Exercise +

+ +

Oxygen ?

? +

Nutrition alone -

Nutrition + exercise

Nutrition + exercise + anabolic hormones

+ |+

Testosterone

++ |+

Growth hormones

o4+ +

Ghrelin

Megestrol _

Creatinine

5
Antioxidants ?
Vitamin D alone ?

Vitamin D + exercise ?

|
|
B N R A RN CR R R N R RO R

B N A
|

DD | D

(+): Studies support that the treatment has a favorable effect on the outcome; (—): studies support that the treatment has
no favorable effect on the outcome; (?): there are no supporting data for a treatment effect on the outcome
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and quality of life have been improved with
whole body vibration therapy in patients with
COPD and it increased benefits obtained by pul-
monary rehabilitation program [84].

Effects of nutritional supplementation are con-
troversial in stable COPD patients. Improvements
were observed in body composition, muscle func-
tion, exercise capacity, and health status with pul-
monary rehabilitation programs with additional
nutritional supplementation in COPD patients
with nutritional deficiency. Response to nutri-
tional supplementation is very variable and is
associated with patient characteristics, type of
treatment, and treatment compliance [83, 120].
Testosterone and its analogs are anabolic agents
that increase muscle protein synthesis and muscle
mass and reduce muscle protein degradation and
fat mass. Their benefits increase when combined
with resistance training. They are not routinely
recommended because of possible side effects.
Growth hormone and secretagogues provide sig-
nificant weight and lean body mass gain in
patients with COPD and malnutrition but their
results on respiratory and limb muscle strength
and exercise capacity are still controversial. They
are not recommended due to possibility of carci-
nogenic effects, side effects, and high costs in
COPD patients with muscle dysfunction [83].
Positive effects in terms of disease prognosis are
achieved in patients with COPD with early inter-
vention for comorbidities. Future studies should
focus on mechanisms of muscle dysfunction and
mechanisms-based treatment.

COPD and Osteoporosis

Osteoporosis is a systemic skeletal disorder char-
acterized by low bone mineral density (BMD)
and microarchitectural changes, leading to
impaired bone strength and increased risk of
fracture [121]. Osteoporosis is a well-recognized
comorbidity of COPD patients and is an impor-
tant area of consideration for therapeutic inter-
ventions. The most commonly used tool to
measure BMD is dual-energy x-ray absorptiom-
etry (DEXA), which is used to define osteoporo-
sis and provides a useful estimate of fracture risk

[122].  According to the World Health
Organization (WHO), a T-score greater than —1
is accepted as normal, T-scores between —1 and
—2.5 are classified as osteopenia, and T-scores of
less than —2.5 are defined as osteoporosis [122].
The prevalence of osteoporosis in COPD var-
ies between 4 and 59%, depending on the diag-
nostic methods used and the severity of the
COPD population [123]. More than half of the
patients with COPD recruited for the large
TORCH trial (6000 patients) had osteoporosis or
osteopenia as determined by DEXA scan [124].
COPD could be a risk factor for osteoporosis. In
NHANES study including 14,828 subjects over
45 years, osteoporosis prevalence was found
16.9% in subjects with COPD and 8.5% in sub-
jects without COPD [125, 126]. In another cross-
sectional study, the prevalence of osteoporosis
was 75% in patients with Global Initiative for
Chronic Obstructive Lung Disease (GOLD) stage
IV disease, and strongly correlated with reduced
fat-free mass (FFM). Another important finding
in this study was that the prevalence rate was
high even for males, with an even higher inci-
dence in postmenopausal women [127, 128].
Recently, in COPD Gene cohort with 3321 cur-
rent or ex-smoker COPD patients, male smokers
had significantly greater risk for osteoporosis and
fracture. The osteoporosis prevalence was greater
in severe COPD reaching 84%. Emphysema was
found to be associated with osteoporosis [129].

Etiology

Corticosteroids use: Oral glucocorticosteroids
(OGCs) have both direct adverse effects on bone
and indirect effects attributable to muscle weak-
ening and atrophy [130]. These effects are both
dose-dependent and duration-dependent. At sup-
raphysiologic concentration GCs profoundly
inhibit osteoblast function and bone formation.
Prolonged GC use leads to reduction in bone
turnover impaired bone renewal and bone loss
[66]. Bone mineral loss can be as high as 15.8%
among inhaled corticosteroids (ICS) users. The
fracture risk is 75% higher among OGCs users
[131]. However, the ICS studies have not shown
consistent findings regarding bone mineral loss.
Some studies showed no aggragation in bone
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loss; however, others showed excess bone loss
with high doses [65, 132—-134].

Chronic inflammation: Studies suggest that
COPD and associated systemic inflammation is a
risk factor for osteoporosis independent of other
potentiators [135, 136]. In Liang et al. study, the
presence of systemic inflammation was associ-
ated with a greater likelihood of low BMD, and
multivariate logistic regression analysis showed
that TNF-a and IL-6 were independent predictors
of low BMD [136].

Vitamin D deficiency: Vitamin D along with
PTHs plays a key role in regulating calcium and
bone homeostasis [125]. Vitamin D deficiency
increases the susceptibility to osteoporotic fractures
because of low BMD. It also increases the fracture
risk by causing swaying of the body and falls
because of muscle weakness [125]. Various factors
that have been implicated for the deficiency of vita-
min D in COPD patients include poor diet, less
exposure to sunlight because of decreased physical
activity, accelerated skin ageing, renal dysfunction,
depression, and treatment with corticosteroids [137].

Anemia: Anemia is a common entity in COPD
patients, and its prevalence varies from 7.5 to
34%, depending upon the selected populations
and the diagnostic tools to determine the hemo-
globin level [138]. Korkmaz et al. demonstrated
significantly higher prevalence of anemia in
patients with low BMD of the femur and spine
[139]. Rutten et al. reported 20% prevalence of
anemia among 321 COPD patients admitted for
pulmonary rehabilitation, and anemia was also
found to be an independent predictor of low BMD
[140]. The pathophysiological nexus between
anemia and osteoporosis is not clear; however,
human and animal experiments suggest the role of
anemia-associated hypoxia as the potential mech-
anisms for the development of osteoporosis [141].

Smoking: Smoking induces osteoporosis by
several potential mechanisms: altered metabo-
lism of calciotropic hormone; dysregulation in
the production, metabolism, and binding of estra-
diol; altered metabolism of adrenal cortical hor-
mone; and effects on collagen metabolism and
bone angiogenesis [142].

Hypogonadism: Sex steroids play a crucial
role in maintaining skeletal integrity via stimulat-
ing bone formation and inhibiting bone resorp-

tion [143]. The reported prevalence of
hypogonadism in men with COPD varies from
22% to 69% and has been associated with osteo-
porosis, depression, and muscle weakness [144].

The Impact of Osteoporosis

Osteoporosis is related with vertebral compression
fractures. Lumbal and thoracal regions are most
affected. Every single compression causes 9%
reduction in vital capacity. Osteoporosis could be
progressive over the years in COPD. In a study with
3-years follow-up, the prevalence of osteoporosis
increased from 47 to 61% [145]. Vertebral compres-
sion fractures increase the risk of hip fractures
[125]. The prevalence of hip fractures is not exactly
known in COPD. However in a Danish cohort hip
fracture in COPD patients showed poor prognosis
with 60-70% higher risk of death [125, 146].

The Diagnosis of Osteoporosis

The diagnosis of osteoporosis relies on the quan-
titative assessment of bone mineral density
(BMD), usually by central dual-energy X-ray
absorptiometry (DXA). BMD at the femoral neck
provides the reference site [147]. An individual’s
BMD is presented as the standard deviation
above or below the mean BMD of the reference
population, as outlined in Table 19.4 [148].

Table. 19.4 WHO Definition of Osteoporosis Based on
BMD [148]

Classification | BMD T-score
Normal Within 1 SD of the T-score at
mean level for a —1.0 and
young-adult reference | above
population
Low bone Between 1.0 and 2.5 T-score
mass SD below that of the between —1.0
(osteopenia) | mean level for a and -2.5
young-adult reference
population
Osteoporosis | 2.5 SD or more below | T-score at or
that of the mean level | below -2.5
for a young-adult
reference population
Severe or 2.5 SD or more below | T-score at or
established that of the mean level | below -2.5
osteoporosis | for a young-adult with one or
reference population more
fractures
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Prevention and Treatment
of Osteoporosis

Non-pharmacological Management

Active smoking cessation should be instituted at
the earliest. Weight-bearing and strengthening
exercise should be encouraged. Overuse of ICS in
COPD must be avoided. ICS use should be
restricted to COPD patients with forced expira-
tory volume (FEVI1), 50% of predicted.
Unnecessary prolonged use of oral steroids dur-
ing COPD exacerbations should be avoided [125].

Pharmacological Management
Pharmacological interventions consist of calcium
and vitamin D supplementation and antiresorp-
tive therapy. Vitamin D and calcium supplemen-
tation is an integral part in the prevention and
treatment of osteoporosis [125], but there is no
worldwide consensus on optimal dietary intakes
and optimal levels of serum vitamin D level.

All symptomatic COPD patients should be eval-
uated for the presence of following minor criteria:

e BMI <21 kg/m?

e Current smoking

e Use of ethanol >3 units/day
* Age > 65 years

e Parent hip fracture

e Rib fracture

e Menopause

e Inactivity

e FEVI, 50% predicted

and major criteria:

* Systemic corticosteroids (3 months/year)
*  Major fragility fracture (spine/hip) [125]

BMD of the hip and lumbar spine should be
measured by DEXA scan along with serum
25-OH D if at least three minor or one major cri-
terion is present. Pharmacologic therapy is indi-
cated in the following conditions [149]:

1. COPD with documented fragility hip or verte-
bral fractures,

2. T-score below —2.5SD, and

3. =2,5 < T-score < —1 and one major criterion.

Also the FRAX tool uses updated, evidence-
based estimates of absolute fracture risk and was
created for the purpose of quantitatively integrat-
ing numerous clinical factors into a clinically
useful risk prediction model [150].

Readers are referred to American College of
Rheumatology 2010 Recommendations for the
Prevention and Treatment of Glucocorticoid-
Induced Osteoporosis Guidelines for the treat-
ment of glucocorticoid-induced osteoporosis
[150].

COPD and Cardiovascular Diseases

COPD and cardiovascular diseases (CVD) are
leading causes of mortality globally. In 2005,
COPD and CVD caused an estimated 120,000
and 830,000 deaths, respectively, in the United
States. Clinicians have long recognized that there
is a very high prevalence of CVD among patients
with COPD, and, indeed, CVD is the major con-
tributor to morbidity and mortality in patients
with COPD [151]. COPD and coronary artery
disease (CAD) are both highly prevalent and
share common risk factors, such as exposure to
cigarette smoke, older age, sex, and inactivity
[152]. However, it is also thought that systemic
inflammatory changes related to COPD may
increase the risk of CVD independently [153].
Additionally, pathophysiologic changes associ-
ated with COPD can directly impact heart func-
tion; for instance, emphysema and lung
hyperinflation may impair left ventricular filling
and lower cardiac output or cause pulmonary
hypertension and right-sided heart failure [151].

Ischemic Heart Disease

Cardiovascular diseases are the leading causes of
death in patients with mild-to-moderate COPD,
chief among which is ischemic heart disease
(IHD). The prevalence of IHD in COPD patients
ranges between 16.1 and 53% and includes vari-
ous descriptions (coronary artery disease, angina,
and myocardial infarction (MI)) [6].

There are multiple sources of evidence dem-
onstrating a high prevalence of IHD in COPD
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patients. In the Evaluation of COPD
Longitudinally to Identify Predictive Surrogate
Endpoints (ECLIPSE) study, “heart trouble” as
opposed to IHD was reported in 26% of 2164
COPD patients compared with 11% of 337 smok-
ing controls (p < 0.001), with a MI reported in
9% versus 3% (p < 0.001) [154].

A combination of increased risk factors in
patients with COPD, chronic systemic inflamma-
tion accelerating atherosclerosis, vascular endo-
thelial dysfunction, physiological stress from
comorbidities, and acute inflammation following
exacerbation are likely to be involved [155].

Though the exact mechanisms are yet to be
elucidated, the temporal relationship of ischemic
events with acute exacerbations and correlation
of systematic inflammatory markers such as
C-reactive protein and fibrinogen with increased
IHD implicate inflammation as a significant con-
tributor [155].

Arterial stiffness (measured by aortic pulse
wave velocity), an independent predictor of car-
diovascular events and mortality, is increased in
patients with COPD and was correlated with
computed tomography-quantified emphysema
and airflow obstruction [6].

Sex-related differences have been investigated
in most chronic diseases, including COPD and
IHD. Disparity between men and women is
mostly a result of behavioral and environmental
factors, coupled with biological and gender-
based genetic factors [156].

Imbalance of thrombotic/antithrombotic
mechanisms, with increased procoagulant activ-
ity, has been postulated in COPD [157].
Accordingly, comorbidities related to altered
thrombotic status, such as cardiovascular disor-
ders, myocardial infarction and pulmonary
embolism, are fairly common in patients with
COPD [158].

Heart Failure

Chronic obstructive pulmonary disease (COPD)
and heart failure (HF) frequently coexist in clini-
cal practice [159]. The diagnosis of heart failure
in COPD patients requires careful clinical history

taking including symptoms of orthopnea and par-
oxysmal nocturnal dyspnea, in addition to cardio-
vascular examination. Biomarkers such as
N-terminal precursor of Brain Natriuretic Peptide
(NT-proBNP) have proved useful in differentiat-
ing COPD from heart failure both in the stable
state and in the acute setting [160]. Both condi-
tions share some risk factors including cigarette
smoking, advanced age, and systemic inflamma-
tion [161].

The prevalence of COPD among individu-
als with HF ranges from 20 to 32% of cases,
and 10% of hospitalized HF patients also suf-
fer COPD. The hospital HF adjusted preva-
lence is three times greater among patients
discharged with COPD when compared with
patients without this disease [160]. COPD is a
predictor of mortality in heart failure; indeed,
5-year survival in heart failure patients with
COPD is 31% compared with 71% in its
absence [162].

Shared etiological factors such as increased
age and smoking, together with the high preva-
lence of hypertension and IHD in patients with
COPD, confer much of the increased risk of heart
failure in COPD patients. Systemic inflammation
is thought to accelerate atherosclerosis and
thereby increase the risk of heart failure [6].

Hypertension

Hypertension is generally asymptomatic and
thus would not be expected to particularly
impact on COPD patients [160]. Overall the
prevalence of hypertension appears to be
around 30-45% of the general population, with
a steep increase with ageing [163]. However,
hypertension is consistently one of the most
prevalent comorbid diagnoses in COPD patients
reported in 40-60% [160]. The pathophysio-
logical links of COPD and hypertension are not
yet well described. However, it seems feasible
that accelerated aging, loss of connective tis-
sue, and increased arterial stiffness may predis-
pose patients to systemic hypertension and an
increased risk of cardiovascular disease in
COPD patients.
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Venous Thromboembolism (VTE)

Acute pulmonary embolism (PE) and deep venous
thrombosis (DVT) are manifestations of the over-
all disease known as venous thromboembolism
(VTE) [158]. Chronic obstructive pulmonary dis-
ease (COPD) is a moderate predisposing factor
for VTE, principally when associated with hospi-
talization [164]. The presentation of pulmonary
embolism is similarly subtle with nonspecific
clinical features such as acute dyspnea, tachycar-
dia, and pleuritic chest pain. While COPD remains
a clinical diagnosis, PE requires objective confir-
mation of clot by an imaging study to warrant
appropriate anticoagulation therapy [165].

In the absence of typical symptoms such as
productive cough, fever, or decreased breath
sounds diffusely, obtaining laboratory and diag-
nostic studies such as D-dimer, B-type natriuretic
peptide, troponin, and arterial blood gas may be
helpful in defining other underlying pathologies.
Similarly, a nonresponse to aggressive COPD
treatment with beta-agonists, antibiotics, and ste-
roids in patients with typical presentations sup-
ports evaluation for other causes of dyspnea [165].

During COPD exacerbations, VTE is found in
3-29% of cases [166, 167]. The former consider-
ation may particularly apply during COPD exac-
erbation, a situation in which undiagnosed PE
was found in an autopsy study in up to 30% of
COPD patients who died [168]. The prevalence
of PE in patients with COPD is important because
of combined morbidity and mortality. In a fol-
low-up of 1487 patients from the Prospective
Investigation of Pulmonary Embolism Diagnosis
(PIOPED) study, Carson et al. found an adjusted
estimated relative risk of death at 1 year with
COPD and PE of 1.94, compared with 1.1 for
patients with PE alone. The 1-year mortality of
those with COPD and PE was 53.3%, in contrast
to 15% of those with PE alone [169].

The three factors of Virchow’s triad are
observed in COPD (systemic venous endothelial
dysfunction, coagulopathy, and venous stasis due
to a physical inactivity), which explains their pre-
disposition to venous thromboembolism (VTE)
[170]. Also platelet activation has been shown to
be increased in stable COPD as detected by

platelet-monocyte  aggregates and  further
increased during exacerbations. Fibrinogen lev-
els are directly as well as related to the incidence
of cardiovascular events, and are higher in stable
COPD patients than in healthy controls [160].

Treatment of Heart Disease

Despite having similar disease mechanisms,
there are substantial differences between IHD
and COPD in their current treatment strategies.
The most striking difference in these treatment
strategies is the use of beta-agonists in COPD and
beta-blockers in heart disease. This has led to con-
trasting indications and subsequent underuse, par-
ticularly of beta-blockers, of some classes of drug
[156]. Recent data, such as the TORCH trial, sug-
gest that drugs used to treat COPD, such as long-
acting beta2-agonists, are tolerated and have an
acceptable safety cardiovascular profile [171, 172].
Beta-blockers, on the other hand, are most impor-
tant of coronary artery disease (CAD) treatment,
but their use in patients with COPD remains uncer-
tain. The main concern is that these drugs might
induce bronchospasm and worsen lung function.
However, data have shown that beta-blockers,
especially if cardioselective, may also be beneficial
and related with lower mortality in patients with
COPD, with the only exception in the most severe
requiring long-term oxygen treatment [171-174].
Recent studies have suggested that the use of
beta-blockers in inpatients with exacerbations of
COPD is well tolerated and may be associated
with reduced mortality [175, 176]. Also, the find-
ings of a meta-analysis confirmed that beta-
blocker use in patients with COPD may not only
decrease the risk of overall mortality but also
reduced the risk of exacerbation of COPD [177].
Angiotensin-converting enzyme (ACE) inhibi-
tors have been associated with reduced exacerba-
tions and mortality in COPD. Furthermore,
lowering of ACE levels has been postulated to
decrease lung inflammation and improve respira-
tory muscle function. At present, this data is
mainly limited to observational studies. Therefore,
guidelines suggest their use in COPD and cardio-
vascular disease but not yet for COPD alone [93].
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COPD and Gastroesophageal Reflux
Disease

Gastroesophageal reflux disease (GERD) is one of
the most common causes of chronic cough and a
potential risk factor for exacerbation of COPD
[178-180]. Use of PPI/H2RA and self-reported
history of GERD were associated with an increased
risk of moderate-to-severe exacerbations and hos-
pitalized exacerbations [181]. The ECLIPSE study
identified a history of heartburn or reflux as an
independent predictor of frequent exacerbator sta-
tus. Old age, female gender, medical aid insurance
type, and many COPD medications except inhaled
muscarinic antagonists were associated with
GERD [160]. The prevalence of GERD in COPD
patients ranged between 7.7 and 30%. However,
Casanova et al. used 24-h pH monitoring to assess
acid GERD prevalence and demonstrated that
62% of patients with severe COPD (FEV, range
20—49%) versus 19% of controls had acid GERD
[182]. Importantly, 58% of the COPD patients
with GERD were asymptomatic [6].

The key underlying mechanism of GERD is
transient relaxations of the lower esophageal
sphincter allowing stomach contents to move into
the esophagus and often as high as the larynx and
mouth, particularly when intra-abdominal pres-
sure is raised [160]. Also laryngopharyngeal sen-
sitivity is important in preventing pulmonary
aspiration. Patients with cough and GERD have
significantly reduced laryngopharyngeal sensi-
tivity to air stimuli compared with healthy
subjects [183]. In addition, medications such as
theophylline and inhaled beta2-agonists may
decrease the lower esophageal sphincter pres-
sure, could facilitate GER [184, 185].

Treatment of Gastroesophageal
Reflux Disease

Treatment of the GERD is not altered by the pres-
ence of COPD, that it should be treated more
aggressively [6]. Regarding treatment of the pep-
tic ulcer disease in the context of COPD, no alter-
ation to standard acid suppression therapy is
required. The severity of COPD may, however,

complicate the ability to perform endoscopic or
surgical procedures in terms of anesthetic safety.
With regard to the treatment of COPD, steroids
can delay the healing of ulcers, and thus minimi-
zation of oral steroids in the context of recent
ulcer is prudent [6].

COPD and Malnutrition

Changes in body composition are frequently seen
in COPD. Decreased weight and muscle mass
effect COPD patients undesirably and malnutri-
tion is related with increased mortality and mor-
bidity [186, 187]. BMI below 20 kg/m? is defined
as malnutrition for COPD patients. Weight loss
has been reported in about 50% of patients with
severe COPD and, although less common, it is
observed in about 10-15% of mild-to-moderate
COPD [188].

Malnutrition in COPD is the consequence of
an imbalance between energy intake and con-
sumption. Inadequate intake is caused by dys-
pnea resulting from the effort of eating and by
impaired leptin regulation, a hormone that
reduces food intake [189]. Energy consumption
for respiration is 36-76 kkal in healthy
individuals and 430-720 kkal in COPD patients,
respectively. Moreover, low intake and steroid
therapy increase muscle wasting. Impaired mus-
cle strength worsens respiratory failure, treat-
ment response during exacerbations and
prolongs weaning time from mechanical venti-
lation [186, 190].

Treatment of Malnutrition

Nutritional supplementation especially for under-
nourished COPD patients provides weight gain,
improves respiratory muscle strength, exercise
capacity, quality of life, and anthropometric mea-
surements [191]. Energy consumptions of COPD
patients are 20-25 kkal/kg/day for females and
25-30 kkal/kg/day for males. 7-8% of daily
energy from saturated fatty acids, 12-15% of
daily energy from monounsaturated fatty acids,
and 7-8% of daily energy from polyunsaturated
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fatty acids should be met. There has been no
strict criteria about protein content of diet in
COPD patients. Amount of protein should be
1.2-1.5 g/kg/day (15-20% of total energy) to
have positive nitrogen balance and support
immune system.

Oral nutritional supplements (as powders,
puddings or liquids) can be used to supplement
the diet when nutrient requirements cannot be
satisfied through normal food and drink [186].
Enteral (nasogastric, naso-jejunal, gastrostomy)
or parenteral nutrition can be used for COPD
patients without oral intake. Early enteral nutri-
tion protects tissue damage and gastrointestinal
system, improves immune system and decreases
bacterial translocation. Therefore early enteral
nutrition accelerates recovery and improves sur-
vival in critically ill patients [192].

COPD and Sleep Disorders

Recent International Classification of Sleep
Disorders, 3rd edition (ICSD-3) was published
by The American Academy of Sleep Medicine
Board in 2014. This guide identifies seven major
categories of sleep disorders that include insom-
nia disorders, sleep-related breathing disorders,
central disorders of hypersomnolence, circadian
rhythm sleep-wake disorders, sleep-related
movement disorders, parasomnias, and other
sleep disorders. COPD is associated with the
heading of sleep-related breathing disorders and
more closely the subheading of sleep hypoventi-
lation syndromes [193].

Patients with COPD have a higher prevalence
of insomnia, nightmares, and daytime sleepiness
than the general population, with close to 50% of
patients are reporting significant disturbance in
sleep quality [194].

Sleep has negative effects on breathing such
as changes in central respiratory control (chemo-
sensitivity decreases even in 20-25%), airway
resistance (Raw increases and respiratory secre-
tions accumulate), and muscle contractility
(decreases especially in REM sleep). During
sleep, partial carbon dioxide (PaCO,) increases
2-8 mmHg while partial oxygen pressure (PaO,)

decreases 3—10 mmHg and oxyhemoglobin satu-
ration (SpO2) decreases ~2%. All those changes
do not have an adverse effect in healthy individu-
als but may cause trouble in patients with COPD.

Sleep is typically fragmented with diminished
slow wave and rapid-eye-movement (REM),
which likely represents an important contributing
factor to daytime symptoms such as fatigue and
lethargy. Furthermore, normal physiological
adaptations during sleep, which result in mild
hypoventilation in normal subjects, are more pro-
found in COPD, which can result in clinically
important nocturnal oxygen desaturation (NOD).
The coexistence of OSA and COPD is common;
however, there is little convincing evidence that
one disorder predisposes to the other [195].

In the literature, nocturnal COPD symptoms
such as nocturnal cough and wheezing were
reported up to 53%, and also difficulty initiating
or maintaining sleep and excessive daytime
sleepiness as 23% [196]. In addition, those have
been reported in a significant number of patients
and may affect sleep quality in those patients.
Several studies have shown that sleep quality is
worse in people with COPD compared to healthy
individuals. Beyond symptoms, there are noctur-
nal alterations in ventilation and gas control in
patients with COPD [197].

Sleep-induced hypoxemia-nocturnal oxygen
desaturation (NOD) is defined as “an SpO, (oxy-
hemoglobin saturation) during sleep of <90% for
more than 5 min with a nadir of at least 85%” or
“> 30% of total sleep time with an SpO, of
<90%” in subject with a baseline awake SpO, of
>90%. [198, 199]. Proposed mechanisms for
NOD are ventilation/perfusion mismatch,
hypoventilation, increased upper airway resis-
tance, reduced chemoresponsiveness, REM-
related muscle atonia, and greater reduction in
functional residual capacity during sleep [195].
Hypoxic pulmonary vasoconstriction is consid-
ered a major driver of the development of pul-
monary hypertension and cor pulmonale in
COPD, NOD also could cause nocturnal cardiac
arrhythmias and nocturnal sudden cardiac death
[200, 201]. In another study, daytime hypox-
emia, hypercapnia, and reduced FEV, were
found to be predictors of right-heart failure
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[202]. McNicholas et al. described nocturnal
death was highest among “blue-bloater” type of
COPD patients with type 2 respiratory failure,
which is more associated with sleep-disordered
breathing [203].

Hypoventilation causes the most important
gas-exchange alteration during sleep in COPD
patients, leading to hypercapnia and hypoxemia,
especially during REM sleep. Blood gases altera-
tions lead to increased arousals, sleep disruption,
pulmonary hypertension, and higher mortality
[198]. Sleep-induced hypoventilation is charac-
terized by elevated levels of PaCO, while asleep,
defined in the ICSD-3 as a level>45 mmHg or
“disproportionately increased relative to levels
during wakefulness” [199].

Overlap syndrome first described by Flenley
almost 30 years ago, as a coexistence of two dis-
eases: obstructive sleep apnea (OSA) and chronic
obstructive pulmonary disease (COPD) [204].
While OSA and COPD carry its own comorbidi-
ties and complications, it has been surmised that
patients with overlap syndrome may have a worse
prognosis than patients with only one of either
disease [204]. Taking into account the individual
prevalences of COPD and OSA, it has also been
suggested that the prevalence of overlap syn-
drome in adults aged 40 years and over is 0.5%—
1% [205]. The combination of obstructive sleep
apnea and COPD does have implications with
respect to outcome. The “overlap syndrome” is
associated with lower and longer nocturnal
oxyhemoglobin desaturations, and produces
more severe pulmonary hemodynamic complica-
tions. Patients with the overlap syndrome have
been reported to exhibit diurnal hypercapnia
more frequently, and concomitant COPD patients
at risk for overlap syndrome (those with polycy-
themia, cor pulmonale, or neuropsychological
impairment) should be appropriately screened.
Oximetry will show sawtoothing oxygen desatu-
ration during NREM periods, with persistently
low SpO2 during REM.

There are some indirect data about the preva-
lence of overlap syndrome. In the Sleep Heart
Health Study, a large community-based cohort
study which included polysomnography and spi-
rometry, 0.5% of the participants had airflow

obstruction [206]. In a European study with pre-
dominantly mild COPD patients, OSA occurred
in 3% [207].

Diagnosis

General consensus statements suggest screening
for sleep-disordered breathing in COPD patients
who complain of symptoms typically associated
with sleep-disordered breathing such as exces-
sive daytime somnolence and frequent nocturnal
arousals from sleep [208]. Additionally, it has
been suggested that patients with COPD who
develop morning headaches following nocturnal
oxygen supplementation should undergo a diag-
nostic polysomnogram. Nocturnal oxymetry is
recommended to evaluate gas exchange during
sleep in COPD patients. However, the utility of
overnight oxygen saturation measurements in
suggesting OSA in COPD is quite limited.
Nocturnal oximetry may be more useful for eval-
uating the effectiveness of nocturnal oxygen ther-
apy. Sleep studies are usually indicated when
there is a possibility of sleep apnea or obesity-
hypoventilation syndrome. Unattended overnight
polysomnograms performed in an ambulatory
setting (also known as “portable” or “home”
sleep studies) have been a common modality for
screening for OSA in high-risk patient popula-
tions. These studies utilize a limited number of
channels, and exact sleep time and arousals from
sleep as determined by electroencephalography
are often not available [209]. The American
Academy of Sleep Medicine (AASM) defines
OSA by at least five events per hour of sleep with
associated symptoms such as daytime sleepiness,
respiratory pauses during sleep, or gasping
arousals [199].

Treatment

The first management principle of sleep-related
breathing disturbances in COPD should be to
optimize oxygenation. But the concentration of
added oxygen should be carefully titrated to
bring the arterial oxygen tension (PaO,) up into
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the mildly hypoxemic range in order to minimize
the tendency towards carbon dioxide retention,
particularly during sleep [209].

The Global Initiative for Chronic Obstructive
Lung Disease (GOLD) guidelines recommend
that supplemental oxygen therapy be provided to
patients whose oxygen saturations fall below
88% or who have a PO, less than 55 mmHg dur-
ing wakefulness or PO, between 55 and 60 mmHg
with evidence of pulmonary hypertension, con-
gestive heart failure, or polycythemia [208].

In particular, there appears to be a low risk of
serious carbon dioxide retention with carefully
controlled oxygen therapy during exacerbations
of COPD even when relatively high flow oxygen
supplementation is required to bring the SaO,
into the region of 90-92% [210]. Thus, the prior-
ity in oxygen supplementation should be to pro-
vide sufficient oxygen to bring the SaO, level
above 90%, but doing so in a controlled fashion
to avoid excessive supplementation. Oxygen sup-
plementation during sleep is best delivered via
nasal cannulae, since face masks are more likely
to become dislodged during sleep [211]. In the
chronic setting, indications for supplemental
oxygen are best determined by measures that
indicate the overall magnitude of hypoxemia dur-
ing sleep, such as the cumulative time spent with
Sa0, < 90%.

In addition to correction of hypoxemia is par-
ticularly important and in recent years consider-
able interest has focused on the potential benefits
of noninvasive ventilation (NIV). Nocturnal
positive pressure ventilation (NPPV) is the deliv-
ery of mechanically assisted breaths without
placement of an artificial airway, usually with
the use of a fitted nasal mask. According to con-
sensus report, indications for usage of NPPV
include: (a) symptoms (e.g., fatigue, dyspnea, or
morning headache); (b) physiologic criteria
(PaCO, > 55 or 50-54 mmHg with NOD), or (¢)
PaCO, 50-54 mmHg with recurrent hospitaliza-
tion related to episodes of hypercapnic respira-
tory failure [212]. NPPV appears to decrease the
inspiratory work of breathing, reduce diaphrag-
matic electromyogram activity, improve PaO,,
decrease PaCO,, and increase minute ventilation
[213]. Either volume or pressure modes are

equally effective, but pressure support appears to
be better tolerated and more comfortable. Sleep
quality and diurnal PaO, and PaCO, levels are
better with NIV plus supplemental oxygen than
with oxygen alone [214]. Patients with the over-
lap syndrome should also be treated by nocturnal
pressure support and the choice between contin-
uous positive airway pressure (CPAP) or bilevel
positive airway pressure (BIPAP) can be deter-
mined based on the pattern of sleep-disordered
breathing. In cases where OSA predominates,
CPAP may be most appropriate, whereas in
cases where there is evidence of significant noc-
turnal hypoventilation with associated periods of
sustained hypoxemia, BIPAP may be more
appropriate. Newer modalities of pressure sup-
port, such as adaptive servo ventilation, may be
particularly suited to patients with the overlap
syndrome [215].

Anxiety and Depression in COPD

Patients with COPD who have perceptions of
poor health are likely to experience anxiety,
depression, sleep disturbance, and problems with
daily functioning like patients with any chronic
disease. Depending on the methodology and the
definition, the prevalence of anxiety and depres-
sion are varied between 8 and 80% of COPD
patients who report depression and/or anxiety
[216-218]. Depression and anxiety are more
prevalent in COPD than other diseases and than
general population. There is a bidirectional rela-
tion between anxiety (RR:1.83), depression
(RR:1.27), and COPD. While anxiety and depres-
sion increase the worse prognosis in COPD,
COPD increases the risk of depression (RR: 1.69)
[219]. Hence, FEV % predicted has been corre-
lated with increased risk of depression [218]. The
known risk factors of anxiety and depression
include physical disability, oxygen dependence,
respiratory symptoms, increased number of
comorbidities, female sex, current smoking, low
socioeconomic class, marital status, living alone,
and poor quality of life [216, 218].

Comorbid depressive symptoms in patients
with COPD are associated with poorer survival,
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longer hospitalization stay, persistent smoking,
increased symptom burden, and poorer physical
and social functioning. Interventions that reduce
depressive symptoms may potentially affect
COPD outcomes [220]. In its final stages, COPD
is a severely disabling condition that is character-
ized by dyspnea, which causes substantial anxiety.
Anxiety is associated with an impaired quality of
life and increased hospital admissions. Untreated
comorbid anxiety can have devastating conse-
quences for both patients and their relatives [221].

It is not easy to diagnose depression in COPD
patients because of the overlapping symptoms
between COPD and depression. However, the
six-item Hamilton Depression Subscale (HAM-
D-6) appears to be a useful screening tool.
Quality of life is strongly impaired in COPD
patients and patients’ quality of life emerges to be
more correlated with the presence of depressive
symptoms than with the severity of COPD [222].
Whether patients with a history or family history
of psychiatric disorders might be predisposed to
developing anxious or depressed responses, and
whether these responses are especially difficult to
treat among those with premorbid conditions,
remains to be evaluated. However, it is likely that
an improved understanding of the psychiatric his-
tory in patients and their families, as well as the
role of anxiety or depressive reactions to illness,
will influence the management of psychological
impairments and ultimately improve health-
related quality of life (QoL).

Treatment

Management of comorbid depression and/or
insomnia complaints in COPD patients requires
careful consideration of the effects of medica-
tions. In addition to medications, alternative non-
pharmacologic treatments should also be
considered, such as cognitive behavioral therapy
[223, 224].

Pulmonary rehabilitation programs have
gained increased acceptance in the treatment of
COPD, mainly due to their capacity to stabilize
and, in some instances, to reverse many physio-
pathogenic factors involved in airway obstruction

[225, 226]. However, studies exploring the role
of psychotherapy in the pulmonary rehabilitation
program as a way to alter subject anxiety and
depression levels have yielded ambiguous results
[227-229].

Pulmonary rehabilitation programs have also
been described for COPD patients for comorbid
anxiety and depression. By means of progressive
exercise, training of respiratory function, and
psycho-education, patients obtained better exer-
cise tolerance, less dyspnea, and better quality of
life [230].

In a study it was shown that in patients with
severe COPD, pulmonary rehabilitation induces
important changes on depression and anxiety
independent of changes in dyspnea and health-
related quality of life [231].

In another study comparing cognitive behav-
ioral group treatment and COPD education for
anxiety and depression symptoms in COPD
patients, it was found that both therapies achieved
sustainable improvements in QoL for COPD
patients experiencing moderate-to-severe symp-
toms of depression or anxiety [232].

COPD and Anemia

World Health Organization (WHO) defines ane-
mia as an hematocrit level, 39% in males and
36% in females [233]. Iron deficiency is common
in patients with congestive heart failure, where it
has been identified as an independent predictor of
mortality [234]. In COPD, iron deficiency could
be particularly deleterious since hypoxemia is
common, is a marker of disease severity and is
important in the pathophysiology and extrapul-
monary manifestations of the condition [235].
Hypoxemia and pulmonary hypertension in
COPD are both predictors of mortality [235,
236].

The prevalence of anemia in patients with
COPD varies from 7.5 to 33%. Anemia of chronic
disease (ACD) is probably the most common
type of anemia associated with COPD. ACD is
driven by COPD-mediated systemic inflamma-
tion [237]. Systemic inflammation seems to be an
important factor for its establishment and
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repeated bursts of inflammatory mediators during
COPD exacerbations could further inhibit eryth-
ropoiesis. However, renal impairment, malnutri-
tion, low testosterone levels, growth hormone
level abnormalities, oxygen supplementation,
theophylline treatment, inhibition of angiotensin-
converting enzyme, and aging itself are addi-
tional factors that could be associated with the
development of anemia [238].

Fatigue and dyspnea are the major symptoms
of anemia, and these can be related to reduced
oxygen carrying capacity of blood. Furthermore,
this symptom complex in patients with COPD will
inevitably contribute the morbidity and mortality
associated with impaired quality of life and
reduced exercise capacity. Anemia in COPD is
associated with greater health care resource utili-
zation, impaired quality of life, decreased survival,
and a greater likelihood of hospitalization [239].

In a study, a linear relationship was found
between hemoglobin levels, exercise capacity,
and quality of life [240]. In a database cohort of
2524 COPD patients being prescribed long-term
oxygen therapy for the first time, authors reported
a prevalence of anemia of 12.6% in males and
8.2% in females, higher than that of polycythe-
mia (8.4% of the patients) defined by an hemato-
crit level 54% [241]. The ANTADIR hematocrit
study suggests that low hematocrit values are
associated with an increased morbidity [241].

Schonhofer et al. demonstrated that correction
of anemia with blood transfusions among 20
patients with severe COPD significantly reduced
disease-related elevations in minute ventilation
and work of breathing, suggesting that anemia
correction may be beneficial in alleviating dys-
pnea and improving exercise capacity [242].
They also demonstrated that among five patients
with severe anemia, successful treatment of ane-
mia resulted in an increased ability to wean
patients from mechanical ventilation [243].

In a recent study, it has been demonstrated that
a high prevalence of non-anemic iron deficiency
in COPD may be driven by inflammation.
Inflammation elevates hepcidin, which reduces
serum iron and dietary iron absorption. Hepcidin
is therefore important in the pathogenesis of the
anemia of chronic disease [244].

Treatment

As in other chronic conditions, anemia predicts a
worse outcome in COPD, both in the setting of
admission with an acute exacerbation and in the
long term so it is very important to manage anemia
in management of COPD. Therapeutic possibilities
include both the manipulation of iron status through
intravenous iron therapy and hepcidin antagonists
becoming available in recent years [244].
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Definition of Personalized Medicine

Patients typically have variability in response to
many drugs that are currently available. It can be
difficult to predict who will benefit from a medi-
cation, who will not respond. The concept of per-
sonalized medicine (PM) dates back many
hundreds of years. However, it has received much
attention in recent years after rapid developments
in genomics which had enabled scientists and
medical practitioners to develop personalized
diagnosis and treatment. PM is based on the sci-
entific understanding on how a person’s unique
genetic and molecular profile helps in determin-
ing his or her different treatment response [1].
The definition and scope of the term “PM” varies
widely, ranging from the narrow “the right patient
with the right drug at the right dose at the right
time” to the extremely broad “tailoring of medi-
cal treatment to the individual characteristics,
needs and preferences of a patient during all
stages of care, including prevention, diagnosis,
treatment and follow-up” [2]. Furthermore, sev-
eral terms, including “pharmacogenomics,” “pre-
cision medicine,” and “stratified medicine” are
sometimes used interchangeably with “personal-
ized medicine.” Pharmacogenomics—the study
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of variations of DNA and RNA characteristics as
related to drug response [3]—is one of the most
exciting areas of PM today. Pharmacogenomics
uses genetic information for purposes of explain-
ing interindividual differences in pharmacody-
namics and pharmacokinetics, identifying
responders to a drug, and predicting the efficacy
and/or toxicity of a drug. In the respiratory dis-
ease area, genetic information about non-small
cell lung cancer is increasingly being used.
Gefitinib and erlotinib are both agents which are
effective only in patients whose tumors have spe-
cific epidermal growth factor receptor (EGFR)
mutation [4]. Precision medicine has been
defined as ‘“the use of genomic, epigenomic,
exposure and other data to define individual pat-
terns of disease, potentially leading to better indi-
vidual treatment [5].” “Stratified medicine” is the
grouping of patients based on the risk of disease
or response to therapy by using diagnostic tests
or techniques [6]. The factors which can be used
to aid this process are varied; typically, this might
include the use of specific clinical features, bio-
markers, or genetic information.

COPD is in fact a very heterogeneous disease
characterized by a wide range of symptoms, clin-
ical findings, radiologic and pathologic abnor-
malities, and varied responses to treatment [7].
Recognition of COPD heterogeneity and identi-
fying subgroups, the so-called clinical pheno-
types of COPD patients, is especially important
for the development of stratified medicine in
COPD [8]. And there is a critical need to
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understand the molecular pathways that underlie
the heterogeneity within COPD for better person-
alized management (Fig. 20.1, [9]).

Paradigm Shift of Treatment
of COPD

COPD was recognized as a self-inflicted disease
for which basically nothing could be done other
than persuading the patient to quit smoking. To
combat this nihilistic attitude toward COPD and
improve management of COPD, the Global
Initiative for Chronic Obstructive Lung Disease
(GOLD) was initiated in 1998 and the first
GOLD document was released in 2001. The first
GOLD document used four-stage classification
of COPD severity for providing an educational
tool and a general indication of the approach to
management [10]. The staging was based on air-
flow limitation as measured by the post-bron-
chodilator forced expiratory volume in 1 s
(FEV)). The principle for the pharmacological
treatment of COPD in first GOLD guideline was
characterized by a stepwise increase in treat-
ment, depending on the severity of disease. The
recommendations for initial choice of pharmaco-
logical treatment were based solely on the FEV.
Bronchodilators were central to improve lung
function and recommended for all symptomatic
patients. Based on the FEV,, as-needed treat-
ment with short-acting bronchodilators or regu-
lar treatment with one or more long-acting
bronchodilators was recommended. Inhaled cor-
ticosteroids (ICSs) were only considered for
symptomatic COPD patients with a documented

spirometric response to ICSs or in those with an
FEV, < 50% predicted and repeated exacerba-
tions [11]. Although improvement in both symp-
toms and health status was a GOLD treatment
objective, symptom assessment did not have a
direct relation to the initial choice of
management.

A second major change in the field of COPD
occurred in 2011 when the third revision of the
GOLD document was released [12]. This change
was caused by the acceptance of the concept
that COPD was a complex and heterogeneous
disease with a number of intrapulmonary and
extrapulmonary components. FEV; was an
insufficient marker of the severity of breathless-
ness, exercise limitation, and health status
impairment [13, 14]. Furthermore, arbitrary
stratifications of severity by FEV, are not neces-
sarily indicative of treatment efficacy [15, 16].
GOLD 2011 document abandoned the concept
of staging system and replace the term “stage”
with “grade” and proposed a three-dimensional
assessment of COPD which, while still consid-
ering the severity of airflow limitation (FEV)),
also includes the level of symptoms and the pre-
vious history of exacerbations to predict the risk
of future exacerbations [12]. The four-quadrant
system was introduced with the goal to match
assessment with treatment choice, thus moving
COPD treatment toward more personalized
medicine. This proposed system is not strictly
evidence based but rather close to “expert opin-
ion.” No therapeutic trial reported before the
2011 GOLD document date did use selection
criteria that strictly matched the present GOLD
classification.
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Clinical Phenotype-Based
Personalized Treatment in Stable
COPD

Originally, the term “phenotype” refers to the
composite of an organism’s observable character-
istics or traits such as its morphology, develop-
ment, biochemical or physical properties, as
opposed to genotype. In the field of COPD, an
international group of experts has defined the
term “COPD phenotype” as “a single or combina-
tion of disease attributes that describe differences
between individuals with COPD as they relate to
clinically meaningful outcomes (symptoms, exac-
erbations, response to therapy, rate of disease pro-
gression, or death) [17].” This definition provides
a framework of categorizing unique characteris-
tics of patients with COPD into distinct prognos-
tic and therapeutic subgroups. The two extreme
classic clinical phenotypes of “blue bloater” or
“pink puffer” are not sufficient for categorizing
various COPD phenotypes. A variety of clinical,
physiologic, and radiologic parameters have been
used to explore the different phenotypes of COPD
[18]. Yet there is no consensus on the number and
definition of the different COPD phenotypes. The
phenotype should be able to classify patients into
subgroups with prognostic value and to determine
the most appropriate therapy to achieve better
results from a clinical standpoint. This constitutes
the basis of a personalized approach for the phar-
macological treatment of COPD. Until now, fre-
quent  exacerbator, emphysema, chronic
bronchitis, and asthma-COPD overlap syndrome
(ACOS) have been regarded as clinically relevant
phenotypes which could be used for personalized
treatment [19, 20].

Frequent Exacerbator

COPD is often associated with exacerbations
described as an acute worsening of respiratory
symptoms associated with a variable degree of
physiological deterioration [21]. Exacerbations
of COPD are associated with poorer quality of
life, accelerated decline of lung function, and
increased mortality [22]. The COPD frequent

exacerbator phenotype is defined by the occur-
rence of two or more exacerbations per year [23].
Exacerbations of COPD become more frequent
as airflow limitation becomes more severe.
However, there are large differences in exacerba-
tion frequency among individuals [24]. The best
predictor of exacerbations is the patient’s own
history of exacerbations [23]. Thus, “frequent
exacerbators” appear to be a distinct phenotype.
Strategies that are currently used to prevent
COPD exacerbations include pharmacological
interventions with long-acting bronchodilators
alone or combination with ICSs, phosphodiester-
ase inhibitors and mucolytics, and non-
pharmacological interventions such as smoking
cessation, influenza vaccination, and pulmonary
rehabilitation [25]. Fixed-dose ICS/long-acting
B, agonist (LABA) combinations are recom-
mended in patients with severe airflow limitation
(FEV, < 50% predicted value) and two or more
COPD exacerbations per year [12]. The ICS
improves lung function, decreases the rate of
exacerbations, and seems to improve the survival
when combined with bronchodilators, but must
be weighed against the potential for increased
vulnerability to pneumonia [26]. Lower airway
bacterial colonization and a new strain of a bacte-
rial pathogen in COPD patients were known to be
related to the frequency of exacerbations [27,
28]. These studies have led to renewed interest in
long-term antibiotic treatment to prevent COPD
exacerbations. Recent clinical trials have demon-
strated that long-term prophylactic macrolide
treatment was associated with a reduction in
COPD exacerbations [29]. However, long-term
prophylactic antibiotic treatment could increase
the emergence of antibiotic-resistant bacteria
[30]. Thus, prophylactic antibiotic treatment
should be considered with caution for patients
with COPD who have experienced frequent exac-
erbations despite other optimal treatments.

Emphysema
Emphysema is defined pathologically as the pres-

ence of permanent enlargement of the airspaces
distal to the terminal bronchioles, accompanied
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by destruction of alveolar walls and without
obvious fibrosis [31]. Computed tomography
(CT) can detect earlier emphysema that can be
detected by spirometry or diffusing capacity and
many studies have addressed the ability of CT to
accurately quantify the extent and severity of pul-
monary emphysema [32]. CT emphysema sever-
ity is associated with lower body mass index,
worse health status, BODE index, and a rapid
decline in FEV, [33-36]. Expiratory flow limita-
tion, air trapping, and hyperinflation are well-
known problems in COPD patients. Hyperinflation
correlates more directly with patient-centered
outcomes such as dyspnea and exercise limitation
than FEV, [37, 38]. The reduction in elastic recoil
due to emphysema is responsible for static hyper-
inflation. Bronchodilators induce a relaxation of
smooth muscle tone in airways and consequently
reduce the flow limitation and promote lung emp-
tying, as demonstrated by an increase in inspira-
tory capacity and reduction of residual volume on
spirometry [39, 40]. This bronchodilator’s effects
lead to improvement in symptoms, exercise
capacity, and the state of health as perceived by
the patient. CT emphysema extent was shown to
be predictive of a poorer pulmonary function in
response to treatment with a short-acting bron-
chodilator and ICS/LABA [41, 42]. Besides the
extent of emphysema, the distribution of emphy-
sema is associated with therapeutic effect of lung
volume reduction surgery [43, 44]. Lung volume
reduction surgery (LVRS) is more effective than
medical therapy for patients with predominantly
upper-lobe emphysema and low exercise capac-
ity prior to LVRS. By contrast, LVRS results in
more mortality than medical management when
it is used to treat severe emphysema patients with
lower FEV, and either homogeneous emphysema
on CT [45].

Chronic Bronchitis

Chronic bronchitis, defined by the presence of
productive cough or expectoration for more than
3 months a year and more than two consecutive
years [46], has been associated with elevated risk
of airway colonization and respiratory infection.

Chronic bronchitis is associated with multiple
clinical consequences, including hastening lung
function decline, increasing risk of exacerba-
tions, reducing health-related quality of life, and
possibly raising all-cause mortality [47-50]. In
these patients, ICS and PDE-4 inhibitors can be
indicated on top of regular long-lasting broncho-
dilator treatment [12]. PDE-4 inhibitor was
shown to reduce moderate-to-severe exacerba-
tions treated with corticosteroids by 15-20% and
to improve pulmonary function in a subgroup of
patients with chronic bronchitis, severe or very
severe COPD, and a history of exacerbation [51,
52]. Acquired dysfunction of the cystic fibrosis
transmembrane conductance regulator (CFTR) in
airway epithelial cells can delay mucociliary
transport and has been associated with chronic
bronchitis [53]. Roflumilast activates CFTR-
mediated anion transport [54] which may be at
least one mechanism of its benefit in chronic
bronchitis. Selected cases of frequent exacerba-
tors might respond to long-term treatment with
prophylactic antibiotics [30]. Independent of
their antibiotic properties, macrolides have been
shown to reduce neutrophil elastase-induced
mucus stasis, suggesting benefit in chronic bron-
chitis [55]. When ICS cannot be used, mucolyt-
ics might be effective in reducing exacerbations
[56, 57].

Asthma-COPD Overlap Syndrome
(ACOS)

ICS is highly effective in asthma and have
become the mainstay of therapy in all patients
with persistent symptoms [58]. ICS is also widely
used in COPD patients. However, there are still
controversies about the ICS’s clinical benefit and
increasing evidence that ICS can increase the risk
of pneumonia [26]. Therefore, it is necessary to
distinguish between asthma and COPD to pro-
vide appropriate therapy for patients. However,
within the spectrum of chronic airway obstruc-
tion, there are individuals with asthma-COPD
overlap syndrome (ACOS) [59, 60] and around
15-20% of COPD patients may have an ACOS
[61-63]. ACOS has been defined as the coexis-
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tence of increased variability of airflow in a
patient with incompletely reversible airway
obstruction [64]. Recent GOLD-Global Initiative
for Asthma (GINA) document described the
ACOS as persistent airflow limitation with sev-
eral features usually associated with asthma and
several features usually associated with COPD
[65]. Unfortunately, there is no consensus on a
unified definition or diagnostic criteria for
ACOS. Recent Spanish guideline proposed
experts consensus diagnostic criteria for ACOS
but it requires prospective validation [66].
Patients with ACOS report worse health-
related quality of life and experience more fre-
quent and severe exacerbations than those
without ACOS [62, 67]. Moreover, patients with
coexisting COPD and asthma have a higher risk
of death than those with COPD or asthma singly
[68]. Patients with ACOS have been systemati-
cally excluded from both COPD and asthma
pharmacological trials. As a consequence, there
is no clear information about the response of
these patients to most of the current pharmaco-
logical therapies. Individuals with ACOS are
more likely to respond to ICS, and this justifies
their use associated with a bronchodilator as a
first treatment option in symptomatic individuals
[69, 70]. Patients with the ACOS, in comparison
with subjects with COPD alone, have higher
peripheral and sputum eosinophil counts, pre-
served diffusing capacity, higher prevalence of
bronchial thickening on chest HRCT, and better
reversibility response to treatment with ICS [70].
In particular, the lung function improvement after
treatment with ICS correlated significantly with
sputum eosinophil counts and the grade of bron-
chial wall thickening [71-73]. These studies sug-
gest that short-term treatment with ICS in patients
with COPD and sputum eosinophilia, which is a
component of ACOS, might improve lung func-
tion and symptoms by reducing airway inflam-
mation. However, larger prospective controlled
studies are required to establish the long-term
effects of maintenance treatment with ICS in
patients with ACOS in terms of reduction of
exacerbations and lung function decline. Because
airway inflammation in ACOS resembles that in
asthma, it has been suggested that the use of

long-acting bronchodilator alone in this popula-
tion should be avoided [74]. In one clinical trial
in patients with COPD and concomitant asthma,
the use of tiotropium had a beneficial effect in
improving lung function [75]. These trials pro-
vide a foundation to further explore the role of
existing and future long-acting muscarinic antag-
onist (LAMA) agents in individuals with ACOS.

Biomarker Guided Personalized
Treatment in COPD

Sputum and Serum Biomarker

Biomarker is defined as a “characteristic that is
objectively measured and evaluated as an indica-
tor of normal biologic processes, pathogenic pro-
cesses, or pharmacologic responses to a
therapeutic intervention” [76]. FEV, is thus a
good marker for risk stratification and prognosis,
but a suboptimal surrogate for assessing the ther-
apeutic potential of novel drugs. Noninvasive
biomarkers that aid phenotyping of COPD are
crucial to the development of personalized treat-
ment. A large amount of biomarkers has been
evaluated in COPD patients [77]. However, there
are still no well-validated biomarkers or surro-
gate endpoints that can be used to establish effi-
cacy of novel drugs for COPD. Sputum and
peripheral blood eosinophil counts and factional
exhaled nitric oxide (FeNO) as the most investi-
gated phenotypic biomarkers in airway disease.
Induced sputum eosinophils have been consid-
ered the gold standard method to measure eosin-
ophilic airway inflammation. Peripheral blood
eosinophil counts may also be useful for moni-
toring eosinophilic airway inflammation. In
COPD, sputum eosinophils may be a feature of
ACOS and have been shown to be associated
with a positive response to corticosteroid treat-
ment [71-73].

FeNO has been extensively studied in the past
10 years for its biomarker potential in airway dis-
ease, and has been shown to be a useful and
reproducible surrogate marker for airway inflam-
mation, mediated by interleukin (IL)-4 and IL-13
[78]. In asthma, FeNO is reproducible, respon-
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sive to changes in ICS therapy, and can reflect
uncontrolled asthma and predict future exacerba-
tions [79]. The role of FeNO in COPD is less
clear, as current smoking can influence FeNO
readings unpredictably and independently of
eosinophilic inflammation [80, 81]. However,
elevated FeNO in COPD may indicate better
response to ICS [82].

Recently, there have been attempts to pheno-
type the biological profiles of COPD exacerba-
tions and biomarker-guided therapy for COPD
exacerbations. Bacterial, viral, eosinophilic, and
pauci-inflammatory phenotypes of COPD exac-
erbations have been identified, and these pheno-
types are stable and related to the clinical
phenotype in stable COPD [83, 84]. Peripheral
blood eosinophils have emerged as a biomarker
to guide oral corticosteroid treatment in COPD
exacerbation. A recent randomized trial showed
that a biomarker-directed treatment strategy
using the peripheral blood eosinophil count to
guide corticosteroid prescription can be safely
used to treat outpatient exacerbations of
COPD. Subjects without an eosinophilia treated
with systemic corticosteroids had more adverse
events and a poorer rate of recovery [85].
Antibiotics for COPD exacerbations showed
large and consistent benefits in patients admitted
to intensive care, but for outpatients and inpa-
tients the results were inconsistent [86]. It is
desirable to be able to reliably identify bacterial
exacerbations and target antibiotics to this sub-
group of patients. Current evidence suggests that
procalcitonin and C-reactive protein have a role
as a biomarker for bacterial exacerbations of
COPD and that it can be safely used to reduce
inappropriate antibiotics in acute exacerbations
of COPD [87-89].

CT Biomarker

Recent advances in CT allow precise assessment
of anatomic alterations in COPD, such as emphy-
sema and airways disease. Furthermore, inspira-
tory and expiratory CT can provide functional
parameters that can be used as imaging biomark-
ers for the diagnosis of phenotypes and disease

progression [90]. Recently, there has been
increasing interest in developing CT-based bio-
markers which can be used to predict response to
current and novel therapies. Kitaguchi et al. [34]
reported that emphysema score and the grade of
bronchial wall thickening were significant deter-
minants for bronchodilator responsiveness and
for the responsiveness to the treatment with an
ICS. Another study group has shown that
emphysema-dominant COPD patients responded
poorly to the 3 months of combination ICS/
LABA treatment [91]. However, other two stud-
ies found no significant differences in broncho-
dilator responsiveness among groups classified
according to severity of emphysema [33, 92].
Patients with COPD show different response
patterns to bronchodilator, such that some
patients show improvement principally in expi-
ratory flow, whereas others respond by improve-
ment of lung volume [93]. The degrees of
emphysema and air trapping may contribute to
the different response patterns to bronchodilator
in patients with COPD [41]. Expiratory flow
limitation and lung hyperinflation are crucial
pathophysiological mechanisms in the develop-
ment of dyspnea, exercise intolerance, and respi-
ratory failure in patients with COPD [94]. The
degree of lung hyperinflation is a predictor of
functional improvements after bronchodilator
therapy and LVRS [95, 96]. Combined assess-
ment of lung volume and disease components of
COPD with CT can be valuable decision-making
tools in the management of severe COPD
patients. Lobar lung volume measurement is
important in assessing the efficacy of lung vol-
ume reduction treatments [97]. Lobar lung vol-
ume measurements on both inspiratory and
expiratory scans may reveal the heterogeneous
severity of air trapping in each lobe, and it may
be useful for the determination of target lobes for
lung volume reduction treatments.

Genetic Biomarker

Severe al- antitrypsin (AAT) deficiency is the
only clearly defined genetic cause of COPD,
accounting for 1-2% of COPD cases in the USA
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[98]. al-Antitrypsin deficiency also provides an
example of the significance of COPD subtypes
in COPD pharmacogenetics. Intravenous infu-
sion of pooled human AAT is indicated for aug-
mentation therapy in patients with severe AAT
deficiency and COPD, but not in COPD patients
without this genetic subtype [99]. There are
likely to be other genes that define additional rel-
evant COPD phenotype. Most COPD pharmaco-
genetics studies of acute bronchodilator
responsiveness have focused on the f2-adrenergic
receptor, the target for short- and long-acting
p2-agonists.

At this point, the evidence for the role of
ADRB?2 variants as pharmacogenetic determi-
nants of response to bronchodilators is conflict-
ing [100, 101]. Kim et al. followed 104 Korean
COPD patients who were treated with a combi-
nation of inhaled ICS/LABA [102]. The codon
16 and 27 variants were not associated with bron-
chodilator response at baseline or change in FEV,
over 12 weeks of treatment. The role of ADRB2
variants as pharmacogenetic determinants of
response to short-acting bronchodilators and
LAMA remains unclear [103, 104]. In addition to
ADRB?2, other candidate genes have been ana-
lyzed in COPD pharmacogenetics studies. In
patients with asthma, variants of the corticotropin-
releasing hormone receptor-1 (CRHRI) are an
important determinant of response to ICS treat-
ment [105]. One intronic variant (rs242941) was
associated with change in FEV, after 12 weeks of
treatment with ICS/LABA in Korean COPD
patients [106].

Kim et al. also examined SNPs in five candi-
date genes—EPHXI, SFTPB, TGFBI, serpin
peptidase inhibitor E2 (SERPINE?2) and gluta-
thione S-transferase pi (GSTP1). Three SNPs in
EPHXI and three SNPs in SERPINE2 were
associated with various bronchodilator response
phenotypes, in addition to the associations
found for the two synonymous variants in
ADRB2 [103]. Molecular phenotyping of
COPD through “omics” data is likely to lead to
an even more personalized pharmacological
treatment of individual patients with
COPD. Genomic approaches such as genome-
wide association studies and gene expression

studies have discovered several genes and
molecular pathways involved in COPD patho-
genesis; however, these “first generation” omics
studies have explained a small portion of the
COPD heritability [107]. High-throughput
“next generation” sequencing method may
become a powerful tool for characterizing the
molecular changes underlying COPD as well as
the heterogeneity among patients with
COPD. Novel transcriptomic approaches to
study the airway and lung tissue in COPD hold
the potential to improve our understanding of
the molecular mechanisms of heterogeneous
clinical phenotypes [108, 109]. The GLUCOLD
investigators have recently demonstrated that a
more pronounced ICS treatment-induced alter-
ation in airway gene expression was signifi-
cantly associated with a lower rate of decline in
FEV, [110]. This new understanding can be
contributed to develop targeted COPD thera-
pies and ultimately personalize treatment of
COPD patients.

Future Perspective

Many COPD patients remain symptomatic
despite maximal medical therapy. COPD is a
complex disease with various clinical pheno-
types; thus, there are likely to be drugs that are
more or less effective for patients with a particu-
lar phenotype. Future clinical trials are likely to
focus on patients with specific disease-related
phenotypes. We now know that emerging phe-
notypes in COPD are dependent on the dynam-
ics of interaction between genes and broader
environmental, epigenetic influences. To
develop novel biomarkers and targeted thera-
peutic interventions in COPD, it is necessary to
improve our understanding of the interrelation-
ships between phenotypes and their environ-
mental, genetic, molecular, and cellular basis
(Fig. 20.2 [111]). An integrated approach will
be critical for the development of genetic pro-
files based on the complex molecular mecha-
nisms underlying treatment responses to
eventually deliver truly precise and personal-
ized medicine.
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Cohort Study in COPD:
Introduction to COPD Cohorts (The
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KOLD and COPDGene Study)
and Collaborative Approaches
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Introduction

COPD is a heterogeneous disease which is
defined with the airflow limitation in spirome-
try irrespective of its causes. Despite the simi-
lar pathologic findings of chronic small airway
inflammation and parenchymal destruction,
COPD is regarded as an umbrella term contain-
ing heterogeneous clinical, radiographic, and
physiological features, because patients with
similar level of FEV, showed various clinical
manifestations in the aspect of dyspnea, emphy-
sema extent, exercise capacity, etc. [1]
Heterogeneous phenotypes and even endotypes
of COPD have been identified and character-
ized through various COPD cohort studies [2—
4]. Therefore, our current knowledge on COPD
can’t be discussed without mentioning cohort
studies.

In this part, the roles of COPD cohorts and
what have been accomplished with them (e.g.,
COPDGene study (NCT00608764), KOLD study
(Korean Obstructive Lung Disease), and ANOLD
(Asian Network of Obstructive Lung Diseases)
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study) will be reviewed, and the needs for col-
laborative approaches in COPD study also should
be discussed.

Cohort(s) in COPD Study

In a demographic study, “cohort” is a group of
individuals having a statistical factor such as age
or class membership in common. Traditionally,
using the cohorts without epidemiological out-
comes, we can compare the incidence and differ-
ences according to the presence of the “exposure”
after passing the “time.” It can indicate the tem-
poral sequence between exposure and outcomes,
and it allows to calculate the incidence of disease
and enables examination of multiple outcomes.
Nevertheless, cohort study is not easy to apply in
clinical field in the limitations of large numbers
of subjects for a long time, the high cost, time-
consuming study, and bias such as differential
loss to follow up.

In COPD studies, population-based observa-
tional cohorts such as birth cohorts are available
but, as an expanded concept, the specific popula-
tion including the disease, the common factor,
COPD, is regarded as a cohort. Now, more com-
monly, study cohorts including patients COPD
were established.

While observational cohorts including birth
cohorts may have merits on identifying etiologic
exposure and incidence of targeted disease, major-
ity of currently active COPD cohorts including
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Fig.21.1 Examples of
the cohort in COPD
study

Exposure

Population based
observational cohorts
(e.g. birth cohorts)

- Identify new etiology or risk factors
or evidences supporting temporal

relationship efc.

COPDGene study (NCT00608764), ECLIPSE
study (Evaluation of COPD Longitudinally to
Identify Surrogate Endpoints), KOLD  study,
ANOLD study, etc. showed great outcomes in clar-
ifying the clinical characteristics of COPD (i.e.,
phenotypes) as a COPD cohort itself (Fig. 21.1)
and additionally combining case-control design
and comparing with the healthy smokers, they
revealed new findings contributing to the develop-
ment and disease progression of COPD. Some
cohorts such as lung health study (LHS, phase I,
NCTO00000568) and TESRA (Treatment of
Emphysema With a Gamma-Selective Retinoid
Agonist, NCT00413205) may be constructed being
related to therapeutic interventions.

Examples of Representative COPD
Cohorts: The Strength of Each
Cohort

Until now, numerous COPD cohorts have been
developed and each country tried to construct its
original COPD cohort as the ethnical and environ-
mental components may contribute to the devel-
opment, progression, and heterogeneity of COPD
[5]. Most of them are established in European and
American countries. The COPDGene study and
ECLIPSE study are representative cohorts in the
number of recruited patients and their productiv-
ity in publication. Recently, some cohorts such as
KOLD, ANOLD, and TCGS (Trans-Continental
COPD Genetics) cohort recruiting Asian patients
with COPD have been activated. Each cohort has
some differential points from preexisting western
cohorts according to the purpose of recruiting tar-
get population.

E) (=)=

Disease Clinical outcomes

Clinical courses

Iphenotypes

Disease cohorts
(e.g. COPD cohorts)

- Characterization of heterogeneous COPD
- Identify new risk factors affecting clinical
outcomes of COPD etc.

The KOLD Cohort

KOLD study is a well-organized Korean COPD
cohort, and it is one of the leading long-term pro-
spective cohort investigating heterogeneity of
COPD in Asia. KOLD was activated to overcome
the lack of prospective longitudinal cohort study
of COPD in Asian countries, and it was aimed to
clarify the heterogeneity of chronic obstructive
airway disease [6]. It included the patients over
18 years of age with chronic respiratory symp-
toms as well as one or both of the criteria, airflow
limitation (prebronchodilator FEV,/FVC < 0.7)
or bronchial hyper-responsiveness (measured
with methacholine provocation test,
PC20 < 16 mg/mL). Comparing with other west-
ern COPD cohorts, KOLD cohort did not use
smoking  history as inclusion criteria.
Additionally, prebronchodilator FEV1/FVC ratio
and bronchial hyper-responsiveness were adopted
as inclusion criteria. As a result, it allows to
recruit the patients with asthma and other unclas-
sified obstructive lung disease including non-
smoking COPD. They collected clinical samples
(blood, DNA, and urine) and radiographic data
(quantitative volumetric CT scan) as well as clin-
ical data from 1117 patients with obstructive lung
disease and 871 controls from 24 hospitals. Using
this cohort, Korean researchers revealed the het-
erogeneity of COPD in terms of imaging param-
eters (e.g., airway dominant or emphysema
dominant COPD) [7-9] and they showed that
responses to inhaled corticosteroids and beta-
agonist were different according to COPD sub-
type [10, 11]. This cohort study also suggested
that “vascular type” of COPD associated with
increased systolic pulmonary arterial pressure
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(sPAP) measured with echocardiography and the
lower level of hemoglobin [10, 12].

KOLD cohort showed strengths in collecting
and analyzing imaging data. Researchers in
radiologic division of this cohort reported numer-
ous articles relating to quantitative assessment of
emphysema, air trapping, and airway thickening
[9], slope of emphysema index [8], quantitative
assessment of emphysema using dynamic
contrast-enhanced magnetic resonance imaging,
and texture-based quantification. The cohort
enabled to perform genetic analysis and genomic
study of COPD and the associated genes with
COPD were validated in Korean patients with
COPD [13-17].

In summary, KOLD cohort is the first large
Korean COPD cohort and it identified the hetero-
geneity of COPD in phenotypes and therapeutic
responses. New clinical, radiographic, and
genomic studies can be performed in Korea
through the KOLD cohort.

The COPDGene Cohort

The COPDGene study (http://www.copdgene.
org/) is one of the largest studies to investigate
the genetic factors of COPD. It is a multicenter
observational study to identify genetic factors
associated with COPD and characterize the phe-
notypes of COPD subjects by collecting CT
images [18]. These phenotypes are used in a
comprehensive genome-wide association studies
GWAS to identify the susceptibility genes. This
cross-sectional prospective cohort enrolled from
2008 to 2011 at 21 clinical centers in the USA. It
plans for 4500 smoker controls (FEV1/FVC
ratio > 0.7, FEV1 > 80% predicted) and 1500
GOLD 1 subjects and 4500 subjects in GOLD
Stages 2—4 (1500 for each of the three GOLD
stages) for a total of 10,500. Now, phase 2 study
is ongoing. This large nationwide cohort reported
more than 100 publications covering the charac-
teristics of CT images in COPD in terms of
emphysema, airway wall thickness, pulmonary
vascular changes, and physiologic changes in
COPD. This cohort extensively has been contrib-
uting to identify and validate the new genetic loci

associated with COPD susceptibility [19-24] and
other related characteristics such as low body
mass index [21], radiographic findings [22, 25—
28], clinical diagnosis of chronic bronchitis [29],
and circulating biomarkers of COPD [19] as a
developing cohort and validation cohort. Through
COPDGene cohort, our knowledge on COPD
phenotype and heterogeneity as well as suscepti-
bility genetic loci has been expanded and various
radiographic characterization of COPD could be
achieved.

Next Steps in COPD Cohort Study:
Collaborative Approaches

Needs for Collaborative Approaches
in COPD Cohort Study

Even though many study cohorts have been
established, there is some limitation in solving
issues of clinical researches in COPD.

First of all, it is derived from the characteris-
tics of COPD itself, i.e., heterogeneity of
COPD. We now agree with that FEV | is not all of
COPD. Patients with similar level of FEV,
showed various clinical manifestations in terms
of dyspnea, emphysema extent, exercise capac-
ity, etc. Beyond smoking, there are also many
other causes leading to COPD. Therefore, it is
necessary to collect more people to cluster the
subgroups and characterize specific features. As
for example, in a single COPD cohort, various
clinical subgroups (e.g., rapid lung function
decliner, frequent exacerbator, bronchitis domi-
nant COPD) and radiographic subgroups (e.g.,
emphysema dominant, small airway dominant)
can be classified and larger study population will
be necessary to clarify each characteristic.

Second, the limitations of traditional cohort
study will require more cases. Larger number of
subject is necessary to compensate the cases who
are lost during follow-up and to achieve sufficient
statistical power and even to validate or replicate
the elucidated findings. This relationship between
statistical power and required sample size is well
described in GWAS study [30, 31]. In GWAS
study, generally thousands of subjects will be


http://www.copdgene.org
http://www.copdgene.org

316

D.K.Kim

necessary to differentiate the small effect of com-
mon genetic variants [32].

Third, many changes have been generalized in
research fields. Technical advances in methodol-
ogies in research enable to perform collaborative
studies more efficiently. Expansion of phenotypic
information on COPD also contributes to the
needs for collaborative researches.

In summary, based on the technical advances
and expansion of our knowledge on COPD, a col-
laborative cohort study has become to be manda-
tory in COPD research area to overcome the
heterogeneity of COPD and achieve the sufficient
statistical power.

How Can We Collaborate in COPD
Cohort Study?

Collaboration among cohort study can be acti-
vated entire the course of cohort study from
designing the cohort to final analysis (Fig. 21.2).

In the step of designing and building a cohort,
collaborative works can be initiated. The study
design, target population, inclusion criteria, and
methodology can be standardized and shared
among collaborative researchers when the new
collaborative cohort is activated. KOLD cohort
and COPDGene cohort are the examples of
nationwide collaborative cohort in Korea and the
USA. Also international cooperation can build a
new collaborative cohort such as ANOLD which
is described in detail.

Another approach to build a collaborative
cohort is to make a consortium of existing

cohorts. This approach can make a large cohort
more quickly because it will use the preexisting
established cohorts. However, a variety of meth-
odological issues including variable definition
and measures can be an obstacle.

This approach has been already performed
beyond COPD, and the international cancer
genome consortium (https://icgc.org/) was estab-
lished and enabled to find new genetic variants in
the larger cohort. CHARGE (the Cohorts for
Heart and Aging Research in Genomic
Epidemiology) consortium is an example of a
consortium to facilitate GWAS meta-analysis
[33] and replication opportunities among multi-
ple large population-based cohort studies.
Recently, the NIH proposes to create a national
cohort of at least one million Americans and with
a central infrastructure, it may lead to harmonize
data types and data collection and provide
resources for explaining new scientific queries
and develop new technologies.

There are some barriers and challenges in
building a collaborative large cohort such as
expense, time, feasibility, privacy, coordination,
transparency, and governance. Therefore, a com-
mon infrastructure to bring together information
from various studies is essential in the develop-
ment and maintenance period of a collaborative
cohort. Committees of COPDGene and KOLD
cohort might play the role of minimizing the
obstacles.

Additionally, the importance of effective com-
munications should be emphasized to maintain
the large cohort. Effective communications are
essential within each cohort, between cohorts,

COPD cohort

Design & building H Maintenance H Outcome/analysis

Collaborative cohorts
* Target population
» Criteria
* Recruitment
¢ Methodology

Collaboration in
maintenance of cohorts
¢ Activation and

Collaboration in the steps of
analyses
* Meta or mega analysis
maintaining cohort * Validation using multi-
committee & solving cohorts
queries ‘

Fig.21.2 Collaborative |
approaches in COPD
cohort study

Novel cohort or consortium
of existing cohorts

Collaborative analyses
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within the consortium working groups, and
among the major consortium committees.
Transparency, disclosure, and professional col-
laborative attitude of all investigators are critical
for successful consortium.

Collaborative works can be performed in the
step of analysis, and this collaboration is active in
COPD genetic analysis. Meta-analysis or mega-
analysis in COPD genomic study is an example
of collaborative analysis. Major risk loci of
COPD in GWAS was identified and validated in
collaborative analysis in preexisting cohorts.
Recently, Dr. Cho confirmed the three genetic
loci including CHRNA3, FAM13A, and HHIP and
identify the novel loci near RIN3, MMP12, and
TGFB2 by using the data from NETT, ICGN,
ECLIPSE, and COPDGene cohorts. Dr. Cheng
and Kim also reported AGER genetic variants
associated with systemic biomarker of emphy-
sema by collaborative analysis in different
cohorts.

More ideally, collaborative analysis may be
facilitated and can be more productive with shar-
ing raw data of study cohorts.

Examples of Collaborative Cohort

ANOLD Cohort: A Novel International
Collaborative Cohort

As better understanding COPD heterogeneity
and overcoming COPD requires collaborative
COPD research in various Asian countries,
ANOLD, a collaborative Asian COPD cohort
was constructed to characterize the COPD het-
erogeneity by genes, etiology, and clinical mani-
festations [34]. In Asia, risk factors for COPD
such as high smoking prevalence, poverty, high
prevalence of TB, and indoor air pollution includ-
ing biomass are known to be more prevalent
compared with western country; therefore, it
would be necessary to paint an evolving COPD
landscape for Asian countries. Beginning with 11
countries in 2008, now, 14 countries including
South Korea, Japan, China, Taiwan, India,
Malaysia, Thailand, Singapore, Philippines, Sri
Lanka, Vietnam, and Hong Kong are participated.
The collaborative findings from this cohort are

published in 2013. It revealed that overall history
of exposure to biomass fuel and dusty jobs were
32 and 44% and exposure to dusty job remained
as an independent risk factor for chronic bronchi-
tis after adjusting age, gender, GOLD grade, and
city and diabetes mellitus was the most common
comorbidity in this area. A recent analysis of
1022 patients from ten cities in ANOLD cohort
showed three subtypes with distinct phenotypes
by factor analysis—milder severity (59%), milder
severity but more comorbidity (14%), and severe
severity (27%). The phenotypes are distributed
differentially by the region. This cohort is main-
tained in its phase 2 and more than 1500 patients
from 14 sites were recruited and a centralized
database in a research center in Asan Medical
Center, Seoul, South Korea is responsible for
quality control and governance of data. This
cohort collected the longitudinal data on mortal-
ity, standardized lung imaging and blood DNA
for genomic studies.

In summary, ANOLD cohort is a successful
example of cooperative cohort which is con-
structed with a standardized protocol from many
countries to identify the heterogeneity of COPD
and region- or ethnic-specific contributing fac-
tors for COPD. It identified the characteristics of
Asian COPD.

International COPD Genetics

Consortium: A Consortium

with Preexisting Cohorts

In the area of COPD genetic analysis, as GWAS
can provide unbiased and comprehensive search
for common susceptibility loci, GWAS-based
genetic study changed the landscape of COPD
genetics and it revealed new loci such as HHIP,
FAMI3A, and IREB?2 gene. Nevertheless, multiple
additional COPD susceptibility genetic determi-
nants may have not been identified in COPD, a
complex disease as genetic polymorphism identi-
fied with GWAS showed small genetic effect and
statistical power may not be achieved with a small
population analysis. Therefore, as new single
nucleotide polymorphisms (SNPs) were identi-
fied in Asian population by establishing the inter-
national lung cancer consortium and ENGAGE
consortium, International COPD  genetics
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consortium was proposed by Dr. Edwin Silverman
in 2011 [32]. In this consortium, 38 study popula-
tions (20 case-control studies and 16 population-
based cohort studies) have a much larger number
of subjects more than 130,000 in total although
each study recruited smaller number of subjects.
Among them, about 14,700 cases and 37,600 con-
trols have genome-wide SNP genotyping. Large
fraction of studies included chest CT scan data
and assessment of COPD exacerbation. This large
COPD genetics consortium could improve the
statistical power in genetic analysis and increased
the chance to identify the new loci uncovered in
smaller studies. Additionally, this cooperative
approaches could provide a framework of future
collaborative approaches and decrease the possi-
bility of duplicated research efforts in COPD
studies despite the limitation of variability of each
study protocols and ethnic heterogeneity and dif-
ference in data platform.

Conclusion

COPD is a heterogeneous disease and we can’t
help admit that one single cohort can’t solve the
complex puzzle of COPD. Additionally, inter-
national human networking and methodological
issues in cohort study are rapidly improving by
technical development. Therefore, collaborative
approaches in COPD cohort study are manda-
tory from the step of design/building to final
analysis.
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Introduction

Personalized and precision medical care that is
specific to an individual’s disease subtype,
stage, and comorbidities is an appropriate yet
challenging goal for complex diseases like
COPD [1]. Despite the well-documented need
for improved treatment approaches in COPD,
standard drug development strategies have been
disappointingly slow and ineffective. This fail-
ure in therapeutic advances relates both to inad-
equate understanding of COPD pathogenesis
and to traditional reductionist approaches to
drug development which do not focus on the
network of interacting genes and proteins that
influence COPD susceptibility and severity. In
this perspective, I will discuss the potential of
Big Data and Network Medicine to provide
progress in COPD diagnosis, prognosis, and
treatment.
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Big Data: Can it Help Us
to Understand COPD?

“Big Data” is a widely used buzz word in current
medical research, but is there substance beyond
the hype? Big Data provides substantial technical
challenges related to organizing, moving, storing,
and analyzing vast amounts of information [2].
Some scientific research areas, like astronomy
and particle physics, have been dealing with the
challenges of Big Data for many years [3]. In
medical research, the exponentially increasing
amounts of DNA sequencing data have driven
much of the interest and concern about Big Data.
Importantly, useful “Big Data” needs to be more
than just a lot of data; it needs to have complex,
accurate, and relevant information. We could
weigh every grain of sand on a beach, but that
would not provide a data set to help us to under-
stand an ocean’s ecological structure. Useful Big
Data needs to include the right measurements of
the right things at the right time.

Genetic research in COPD has already gener-
ated substantial amounts of Big Data. Over the
past 30 years, COPD genetics research has under-
gone enormous changes, as the Human Genome
Project and other large public resources have
enabled genetic studies of unprecedented scope
and power. In the 1980s, before single nucleotide
polymorphism (SNP) genotyping was feasible,
geneticists were limited to studies of familial
aggregation and patterns of phenotype segrega-
tion in families. The era of short tandem repeat, or
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microsatellite, marker genotyping enabled link-
age analysis studies in families; although several
genomic regions with significant linkage to COPD
and airflow obstruction were identified [4, 5],
these studies did not lead to validated novel
genetic determinants of COPD. The leading study
design in COPD genetics today involves genome-
wide association analysis (GWAS) [6] (Fig. 22.1),
which typically requires genotyping hundreds of
thousands of SNPs and statistical imputation of
millions of other SNPs. These Big Data resources
require careful quality control at both the level of
the SNP marker and the subject. Since so many
statistical tests are performed in GWAS, stringent
levels of statistical significance (typically
p <5 x 107%) are required to declare a genome-
wide significant result. Large sample sizes, which
may involve meta-analysis of multiple study pop-
ulations, are often needed. Nonetheless, these Big
Data approaches have led to the identification of
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Fig.22.1 Approach for genome-wide association studies
[6]. After collecting DNA samples and phenotypic infor-
mation from a study population, standard single nucleo-
tide polymorphism (SNP) genotyping panels are tested.
Quality control is performed at the level of both the sub-
ject and the SNP, and then statistical association between

~ <

2) Genotyping

eight genome-wide significant genomic regions
for COPD and/or emphysema [7-11]. With the
impending tsunami of data from whole exome
and whole genome DNA sequencing, the chal-
lenges of Big Data management and analysis in
COPD genetics will multiply.

Imaging, typically with chest CT scans, is
another key source of Big Data in COPD research.
Chest CT scanners provide a densitometric histo-
gram of the lung, with very low density regions
enriched for emphysema. Although chest CT
scan information can be simplified using analyti-
cal approaches that assess the fraction of the lung
below a designated density mask threshold (e.g.,
—950 HU), such approaches ignore much of the
information about emphysema pattern and distri-
bution within the CT scan. A Big Data approach
to utilize chest CT scans more efficiently is based
on the texture-based local histogram patterns
related to different pathological types of

3) Quality control

S

T

Cho &t al, Nature Ganatics 2010.42(3) 200-202

4) Association analysis

genotype and phenotype is assessed (typically with
adjustment for genetic ancestry in case-control or
population-based studies). In order to achieve genome-
wide statistical significance, meta-analysis of multiple
study populations is often required (From Hardin, J
COPDF 2014, with permission)
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Fig. 22.2 Texture-

based assessment of 18
emphysema [12]. 16
Emphysema patterns can
be assessed by the local
histogram pattern of
densities within a region
of interest on chest CT
(From Castaldi,
American Journal of
Respiratory and Ceritical
Care Medicine 2013;
188: 1083-90, with
permission)
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emphysema, such as centrilobular (graded as
mild/moderate/severe) and panlobular emphy-
sema [12] (Fig. 22.2). These local histogram pat-
terns, which can be quantified using an automated
pipeline, have stronger associations with clini-
cally relevant COPD features than densitometri-
cally defined emphysema. In addition, GWAS of
these local histogram emphysema phenotypes led
to the identification of novel genomic regions
that met genome-wide significance [13].

In addition to genetics and imaging, transfor-
mative opportunities for COPD research are
available based on technological advances in the
generation of other types of Omics Big Data.
Gene expression analysis has evolved from

Non- Moderate Panlobular
emphy. centrilob. -

Mild Severe Pleural-
centrilob. centrilob. based

microarray assessment to RNA-Seq, which pro-
vides a more comprehensive view of transcrip-
tional profiles, potentially including alternative
splicing of the gene (leading to multiple isoforms
of the same gene) and noncoding RNAs such as
microRNA and other noncoding RNAs. For
example, Ryan and colleagues have applied
RNA-Seq to airway basal epithelial cells in seven
healthy smokers and ten healthy nonsmokers
[14]. They found large differences in gene expres-
sion between these groups, with significant
enrichment for the differentially expressed genes
located at the COPD and nicotine addiction
GWAS region on chromosome 19q [15]. Kim
and colleagues performed RNA-Seq in lung
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tissue samples from 98 COPD cases and 91 control
subjects; they found 2312 differentially expressed
genes, and they found evidence for significant dys-
regulation of the mitochondrial oxidative phos-
phorylation pathway in COPD subjects [16].
Metabolomics has evolved from assessment of
small sets of known molecules to large panels of
known metabolites and even to approaches that
agnostically identify all small molecule metabo-
lites in a biological sample. Telenga and col-
leagues studied a panel of more than 1500 lipids,
a subset of the metabolome, in induced sputum
samples from 19 COPD cases and 20 smoking
controls [17]. They identified higher levels of
multiple sphingolipids in the sputum samples
from COPD cases, thus implicating sphingolipids
as a potential biomarker of COPD. Subsequently,
Bowler and colleagues performed a focused study
of sphingolipids in plasma from 250 COPD cases
and controls, and they found that multiple sphin-
gomyelins were inversely associated with emphy-
sema while trihexosylceramides were positively
associated with COPD exacerbations [18].
Individual protein biomarkers have been stud-
ied in COPD for decades, with reasonable sup-
port for differences between COPD cases and
controls for surfactant protein D [19], Club Cell
Protein 16 [20], PARC [21], and fibrinogen [22].
SRAGE appears to be a useful biomarker for
emphysema [23, 24]. Improvements in mass
spectrometric approaches now can identify and
quantify the proteome comprehensively; how-
ever, these Big Data approaches have had limited
applications thus far in COPD research [25].
Finally, epigenetics, which involves genomic
alterations that do not change the DNA nucleotide
sequence, could be especially relevant for COPD
since epigenetic marks may be induced by envi-
ronmental exposures such as cigarette smoke.
DNA methylation has been studied using microar-
ray approaches, and methylation marks have been
identified that differ between COPD cases and
controls; in addition, methylation marks related to
cigarette smoking have been found which gradu-
ally revert toward the nonsmoking pattern after
smoking cessation [26, 27]. DNA sequencing
approaches to methylation analysis (methylseq)
have the potential to provide more comprehensive
assessments of DNA methylation changes.

Network Medicine and COPD

Although genetics, imaging, and other Omics
provide Big Data resources for COPD research,
our analytical approaches to these data types need
to evolve to meet the opportunities provided.
Standard association analyses in epidemiology
and genetics relate a single outcome to a predictor
variable of interest, using approaches like multi-
ple linear regression for quantitative outcomes
and logistic regression for categorical outcomes.
Multivariable models allow incorporation of mul-
tiple predictor variables, but assumptions about
linear relationships persist. Interactions are typi-
cally either ignored or analyzed in a simplistic
manner by including cross-product terms in the
regression analysis. Methods to recognize and
quantify nonlinear relationships and interactions
will be essential to derive the maximal benefit
from Big Data in COPD.

Network science provides approaches that can
assist in the analysis of Big Data in complex dis-
eases like COPD. Based on graph theory, networks
provide a useful structure to visualize and analyze
relationships—both linear and nonlinear—between
variables of interest. The network is composed of
entities, represented by nodes, and edges, which
indicate arelationship between the nodes (Fig. 22.3).
For example, in a social network, the nodes can rep-
resent individual people, and the edges can repre-
sent whether there is a specific type of relationship
between those two people. In a protein—protein
interaction network, the nodes represent individual
proteins and an edge is placed if there is a physical
interaction between those two proteins (e.g., yeast
2-hybrid assay). While in a gene coexpression net-
work, the nodes represent the mRNA level of a spe-
cific gene, and edges are placed if a statistically
significant correlation between those expression
levels is identified. In addition to visualizing rela-
tionships between nodes, properties of the network
such as the number of connections to different
nodes can provide important information about net-
work structure and response to perturbations. The
multiple interactions encoded within networks can
lead to network responses to perturbation that can-
not be predicted from studying isolated nodes or
pairs of nodes; these complex responses are referred
to as emergent properties.
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Social network

Fig. 22.3 Examples of different types of networks. In a
social network, nodes represent people, and the edges
connecting nodes represent a relationship (e.g., friend-
ship). In a protein—protein interaction network, nodes rep-
resent proteins, and edges are placed if a physical
interaction is demonstrated between proteins (e.g., yeast

Fig.22.4 Nerwork
Medicine approaches to
complex diseases. The
key activities required to
apply Network Medicine
to complex diseases like
COPD

Defining
molecular
pathways

Identifying
optimal
disease

phenotypes

Integrating
multiple
—omics data
types

When network science approaches are applied
to diseases, the term ‘“Network Medicine” has
been used [28, 29]. Network Medicine is not lim-
ited to a single type of network or a single source
of data. The approaches envisioned for the devel-
oping field of Network Medicine are shown in
Fig. 22.4. Since many molecular pathways remain
poorly defined, creating a molecular wiring dia-
gram of these pathways and interactions is an
important part of Network Medicine. Defining
optimal disease phenotypes, based on imaging,
physiological, and clinical assessments, is
required. Measuring and integrating multiple

Protein—protein
interaction network

Gene coexpression
network

2-hybrid assay, tandem affinity purification assay). The
gene coexpression network, which in this case looks iden-
tical to the protein—protein interaction network, includes
mRNA levels as nodes and edges if correlations between
expression levels exceed a set threshold

Developing
and validating
new disease
classifications

Building
disease
networks

Developing new
treatments and

preventions

Omics data types is a key part of Network
Medicine. These three approaches are utilized to
define disease-related networks. These disease-
related networks will be utilized to reclassify dis-
eases like COPD based on their etiology instead of
end-stage physiological and pathological manifes-
tations—our current approach for classifying most
diseases. Finally, new treatments and preventative
strategies will be developed using systems phar-
macology approaches. Although this road map for
Network Medicine has great potential, substantial
methodological and technical advances will be
needed to turn it from aspiration to reality.
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A variety of specific network types are utilized
in Network Medicine. Protein—protein interactions
within the cellular molecular interactome [30]
have been utilized to identify interconnected sub-
sets of the interactome related to specific diseases,
known as disease modules. One approach to iden-
tify such disease modules is based on genetic asso-
ciation evidence. Using the dmGWAS method
[31], McDonald and colleagues found a consensus
module for COPD within the protein—protein
interaction network that was enriched in IL7 path-
way members [32]. Correlation networks based on
gene expression levels can identify gene modules
based on similar gene expression patterns, using
approaches like weighted gene coexpression net-
work analysis [33]. Gene regulatory networks

have been developed based on relating transcrip-
tion factor binding site information and gene
expression levels using approaches such as
PANDA [34]. PANDA analysis of mice heterozy-
gous for deficiency of the Hhip COPD GWAS
gene demonstrated network rewiring related to the
KIf4 transcription factor [35].

Networks of clinical and imaging pheno-
types can also be built; by using partial correla-
tions, the edges in such phenotypic networks
represent pairwise effects adjusted for all of the
other network relationships [36]. Comparisons
between the phenotypic networks created in
different groups of subjects can potentially
identify key differences between those subjects.
In Fig. 22.5, the differences in phenotypic

Cases vs controls

ExacerFreq

Pack Year

Fig. 22.5 Comparing phenotypic networks in COPD
cases and smoking controls [36]. Partial correlation-based
phenotypic networks were generated in 8141 COPDGene
subjects. Differences in the network structure between
COPD cases and controls were assessed by permutation
analysis. Edges in green were seen in both COPD and
control networks, with the same direction of correlation.
Edges in black were seen in one group only. Edges in red
were seen in both COPD cases and controls, but with
opposite signs in those networks. Abbreviations include:

Emph quantitative emphysema on chest CT at =950 HU,
BMI body mass index, FEV, forced expiratory volume in
1 s, Pack-year smoking intensity in pack-years, GasTrap
gas trapping at —856 HU on expiratory chest CT scan,
EmphDist emphysema distribution in upper vs. lower
thirds of the lung, ExacerFreq frequency of COPD exac-
erbations in the year before enrollment, 6MWD 6-min
walk distance, pi/0 square root of wall area of hypotheti-
cal 10 mm internal perimeter airway. (From Chu, BMC
Systems Biology 2014; 8: 78, with permission)
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relationships between COPD cases and control
smokers in the COPDGene study are shown in
a phenotypic network. A small number of
edges, such as the relationship between emphy-
sema and body mass index, are opposite in sign
between COPD cases and smoking controls,
pointing to potentially interesting biological
differences. This inverse relationship makes
biological sense, since increased emphysema is
seen with lower BMI in severe COPD cases,
while in subjects without substantial emphy-
sema the increased radiation noise due to higher
body mass could artifactually increase the
amount of measured “emphysema’” in subjects
with high BMI.

The modeling approaches described above
can be thought of as “top down” efforts to use Big
Data to identify disease-related networks.
However, “bottom up” approaches to build dis-
ease networks by identifying the biological
mechanisms and pathway members for well-
established COPD susceptibility genes like
SERPINAI, HHIP, and FAM13A can also be used
to create disease networks. Ideally, the top down

First generation genetic studies

and bottom up approaches can be used synergisti-
cally to identify the set of key molecules involved
in COPD pathogenesis.

Potential of Integrative Research
Approaches in COPD

As highlighted throughout this book, COPD is
a heterogeneous syndrome rather than a single
disease entity. Thus, it is not surprising that
genome-wide association studies of the pres-
ence/absence of COPD, which we have
described as First Generation Genetic Studies
[37] (Fig. 22.6), have required large sample
sizes and only accounted for a small percentage
of the genetic contribution to COPD suscepti-
bility. Second Generation Genetic Studies,
which focus on identifying genetic determi-
nants of an Omics data type like a gene expres-
sion level, require substantially smaller samples
to find genetic associations to an Omics level,
but subsequently still need to be linked to dis-
ease pathogenesis. With Network Medicine and

Genetic Low power to Disease
variants detect associations
Second generation genetic studies
. Single 29
Genetic -Omics data — Di

variants

Third generation genetic studies

Genetic
variants

Fig. 22.6 Evolution of complex disease genetic studies
[37]. First Generation Genetic Studies involve efforts to
link genetic variants directly to disease. In Second
Generation Genetic Studies, genetic association is
assessed for an Omics data type, such as a gene expres-
sion, protein, or metabolite level. In Third Generation

type

\
'
Metabolomics

Disease
subtypes

Genetic Studies, an integrated analysis of multiple Omics
data types with genetic variants is performed in a network
framework, with recognition of phenotypic heterogeneity
(From Silverman/Loscalzo, Discovery Med 2012; 14:
143, with permission)
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Fig. 22.7 Overlap of
murine emphysema
model genes and COPD
GWAS region genes. Of
approximately 20,000
mammalian genes, only
five are located in both
COPD genome-wide
association regions and
have been supported by
a murine model of
emphysema (e.g.,
transgenic, knockout)

Model genes ~109

Total genes ~20,000

Big Data, we can move toward Third Generation
Genetic Studies, which will integrate multiple
types of Omics data in a network framework,
along with efforts to subtype COPD.

The identification of COPD subtypes—dis-
tinct groups of COPD subjects with different dis-
ease etiologies—will be essential to Third
Generation Genetic Studies. Machine learning
approaches [38] like unsupervised cluster analy-
sis can be useful tools in this process. Based on
four clinically relevant variables (FEV,, %
emphysema on CT, emphysema distribution in
the upper vs. lower third of the lungs, and airway
wall thickness), Castaldi and colleagues identi-
fied four clusters of subjects: resistant smokers,
mild upper lobe predominant emphysema,
airway-predominant disease, and severe destruc-
tive emphysema [39]. Of interest, the effect size
for genetic association of several known COPD
GWAS loci, such as HHIP and the chromosome
15925 locus which includes [REB2 and
CHRNA3/5, was increased in specific clusters.
Thus, identifying more phenotypically homoge-
neous groups of subjects may increase the mag-
nitude of genetic effects observed. Future
subtyping studies that integrate multiple Omics
data have the potential to identify subjects with
similar disease etiology more effectively.

Integration of multiple types of Big Data will
be essential for Third Generation Genetic
Studies. Leveraging both Omics and animal
model experimental data can overcome the limi-
tations of an individual method. A PubMed

Murine emphysema

COPD/emphysema
GWAS region genes ~48

search identified about 109 genes that have been
implicated in murine models of emphysema
based on knock-outs or transgenics (Fig. 22.7).
Thus, there are many ways to perturb the lungs
that can lead to emphysema in a mouse. However,
only a fraction of these potential perturbations
are likely to be relevant for human COPD. In
COPD GWAS studies, eight genomic regions
have been significantly associated with COPD
and/or emphysema. Some of these regions con-
tain only a single gene while others contain mul-
tiple genes—approximately 48 genes are located
within the eight COPD/emphysema GWAS loci;
identifying the key gene within GWAS regions is
a major challenge. Among the 109 murine
emphysema genes and 48 COPD GWAS region
genes, there are five overlapping genes: HHIP
[35], FAM13A [40], IREB2 [41], MMP1 [42],
and MMPI12 [43]. These five genes, supported
by independent research approaches, have the
greatest potential to play a key role in COPD
pathogenesis. As more COPD GWAS and
murine emphysema genes are detected, the num-
ber of such genes supporting by both approaches
will increase.

The Future of COPD Research

How can we effectively manage and integrate the
deluge of Big Data using Network Medicine and
other advanced analytical approaches? We envision
parallel efforts in Omics analysis of biological
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Fig. 22.8 Reclassifying COPD using Network Medicine
[37]. Parallel efforts in phenotypic assessment using clini-
cal, imaging, and physiological approaches and in genet-
ics and other Omics approaches to identify disease

samples and clinical phenotyping data (Fig. 22.8).
Clinical phenotyping will involve assessment of
imaging, physiological, and other clinical informa-
tion using machine learning and network analysis
methods as well as standard epidemiological
approaches. Omics analyses of biological samples
will include genetics (ultimately with whole
genome sequencing), transcriptomics, metabolo-
mics, proteomics, and epigenetics in an integrated
network framework to identify COPD molecular
determinants. Using an iterative process that incor-
porates both molecular determinants and clinical
subtypes, disease classification based on etiology
could result, leading to more precise diagnosis,
more accurate prognostic information, and more
effective targeted therapies.

In order to make this vision come to reality,
substantial changes in how we perform medical
research will be required. Assessment of compre-
hensive Omics data is often viewed pejoratively
as hypothesis-free “fishing expeditions” while
focusing on a few selected genes, proteins, or
metabolites is deemed to define a higher yield set

Human subjects

New disease
classification

Phenotyping

Machine learning
approaches

Clinical
disease
subtypes

determinants will be combined to reclassify COPD based
on etiology. (Modified from Silverman/Loscalzo,
Discovery Medicine 2012; 14: 143, with permission)

of experiments that are testing focused hypothe-
ses. I beg to differ with this perspective.
Comprehensive Omics-based assessments still
must test hypotheses, but they can test broad
hypotheses: ~ “Comprehensive  metabolomic
assessment will identify metabolites associated
with COPD” instead of “Metabolite X is associ-
ated with COPD.” Why is the broader approach
better? We have experienced this dichotomy
directly through the Candidate Gene FEra of
genetic association studies, which preceded the
current era of genome-wide association studies.
In the Candidate Gene Era for COPD (similar
tales could be told for essentially every other
complex disease), dozens of well-chosen biologi-
cal candidates were associated with COPD case-
control status in one study but not replicated in
others, leading to a chaotic medical literature. In
retrospect, the Candidate Gene Era studies suf-
fered from small sample sizes and a variety of
other problems [44], but a key challenge was that
by only focusing on a small number of genetic
variants in a specific manuscript, a genome-wide
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adjustment for multiple statistical testing was not
performed (if any adjustment for multiple statis-
tical testing was included)—resulting in many
false-positive results. The realities were that our
ability to select biologically important candidate
genes was (and is) embarrassingly poor, and
since the study population would typically be
used for many different focused candidate gene
studies, a genome-wide adjustment for multiple
testing would have been much more appropriate.
We do not need to relive this futile experience
with the other Omics data types; we can leverage
the technological advances that have made com-
prehensive Omics analysis feasible and use the
appropriate analytical strategies for them.

There are a variety of other key research direc-
tions to explore that will involve Big Data and/or
Network Medicine. Although COPD is often
described as being caused by genetics and envi-
ronmental exposures, we need to recognize that
COPD is also potentially influenced by stochastic
and dynamic effects—it develops in a develop-
mental context within each patient. We also need
to consider how to test for the effects of genetic,
environmental, and developmental processes
beyond differences in mean values; disease mani-
festations could also be influenced by factors that
alter molecular variability. Genetic determinants
of cell-to-cell variability in gene expression lev-
els have been identified in yeast [45], and similar
human genetic determinants could lead to differ-
ences in the “noise” levels of gene expression
that could influence disease risk.

As we dissect COPD heterogeneity and under-
stand the networks of interacting biological factors
that are related to different COPD subtypes, new
approaches to disease treatment will be required.
Since COPD is a syndrome rather than a single dis-
ease, treatment for patients with different disease
subtypes should reflect that heterogeneity. In addi-
tion, we will need to move away from efforts to iden-
tify single key molecular targets for disease
treatment; multiple targets may need to be treated,
potentially in a dynamic fashion. The intriguing
results from Lee and colleagues [46] in triple nega-
tive breast cancer cell lines, in which only sequential
treatment with an EGRF inhibitor followed by a
DNA damaging chemotherapeutic agent caused

effective killing of these breast cancer cells, could
provide a key lesson for benign diseases like COPD
as well. Restructuring the approaches for COPD
drug development and testing would be required for
this systems pharmacology-based approach [47],
with Omics read-outs of potential drug efficacy [48].

In sum, Big Data and Network Medicine have
the potential to transform the diagnosis and treat-
ment of COPD. However, to realize the potential
of these exciting opportunities, we will need to
restructure the way we study the pathogenesis of
COPD and the approaches that we utilize to
develop new COPD treatments.
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